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SUMMARY OF RESEARCH OBJECTIVES

for

1984-85

OPENING SWITCHES

Investigations of repetitive e-beam controlled discharges
with respect to gas properties.

Investigation of optogalvanic effects with respect to their
use as discharge control mechanisms.

Studies of concepts for optically assisted, e-beam sustained,
diffuse discharge switches.

Modeling of diffuse discharges, including control mechanisms.

Feasibility studies of novel opening switch concepts;

SPARK GAP AND ARC DISCHARGE INVESTIGATIONS

Optical diagnostic methods will he developed to investigate
propagation phenomena associated with streamers in detail.
The emphasis will be on polarity effects (positive and nega-
tive streamers) and their influence on gap closing as a

function of parameters. The influence of x-ray preionization

on the propagation velocity will he investigated.
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2. General scaling laws for the breakdown delay will be formula-
ted, defining requirements for multichannel operation. The ..
requirements will be tested experimentally. .
3. Theoretical investigations will be continued with the aim of :
formulating general scaling laws describing the properties of e :’
streamer formation and propagation, yielding a quantitative
understanding of the basic phenomena in overvolted spark :
gaps. .v.
EXPLORATORY CONCEPTS ol
:
Some of the previous year's investigations may be carried ‘
over to the second year. In addition we specifically propose (if ".
the needed Raman shifter becomes available) to: :
Determine the feasibility of using Stark shifts in admixtures .
of Hy to determine the electric fields at localized points in .T'
pulsed power systems*. =
In addition, as in previous years, new projects will be added :
as new ideas are generated. o N
ol
* Funds for the Raman shifter were not awarded so the emphasis
changed towards injector problems for railguns.
-
..




INTRODUCTION

The Coordinated Research Program in Pulsed Power Physics is a
multi-investigator Program involving 4 Principal Investigators,
1 Associate Investigator and 9 Graduate Students. Other faculty
investigators from Electrical Engineering, Physics and Chemistry,
also interacted and cooperated at various times. The program is
jointly sponsored by AFOSR and ARO. Some 4 refereed journal
articles and 11 conference proceedings papers were published iast
year. Several other papers were prepared or submitted for
publication. Some of these are reproduced in the Appendices. The

main projects are Opening Switches, Spark Gap and Arc Discharge

Investigations, and Exploratory Concepts.
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OPENING SWITCHES

(C. Harjes, G.Z. Hutcheson, R.A. Korzekwa, D. Skaggs,
E. Strickland, G. Schaefer, M. Kristiansen,

K.H. Schoenbach, and H. Krompholz)

I. Summary

The primary objective of this work is to study control pro-

cesses in externally sustained or controlled diffuse discharges,

with respect to their application as opening switches. Concepts

for diffuse discharge opening switches have been developed, exper-.

imental facilities have been assembled and experiments have been
performed to 1investigate the applicability of these concepts,
Computer codes have been developed and applied to different
systems to allow optimization and scaling. ‘
The major research areas of the last year in the field of
diffuse discharge opening switches were:
- concepts for diffuse discharge opening switches (Section II)
- the electron-~beam sustained diffuse discharge (Section III)
- the optically controlled diffuse discharge, where optical
control either means increased conductivity of the discharge
by means of laser radiation or optical stimulation of 1loss

processes (Section 1V)

For the 1investigation of the electron-beam sustained dis-

charge an apparatus was designed, operated, and improved, which

allows investigations of repetitive opening in the time ranqe of

100 ns at current levels of up to 10 kA,
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Experiments performed with this device during the last year
concentrated on investigations with gases recommended by the
group of L.G. Christophorou at Oak Ridge National Laboratories,
such as gas mixtures with Argon and CH4 as buffer gases and admix-
tures of attachers, such as CyFg and Cj3Fg.

The investigations on optical control processes concentrated

on two mechanisms:
1) photodetachment
2) photoenhanced attachment
and their influence on the characteristics of externally and self

sustained discharges.

II. Opening Switch Concepts

The development and evaluation of new switch concepts and the
utilization of new processes for external discharge control was a
permanent issue during the entire research period. 1Individual
processes considered in the last year are presented in the next
two sections. A qgeneral overview of the field of diffuse dis-
charge opening switches is presented in an invited review article
which will be published in IEEE Transactions on Plasma Sciences
(Appendix A)., A short review was also presented at the IEEE

Pulsed Power Conference, 1985 (Appendix B).
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IITI., E-Beam Controlled Diffuse Discharge Switch ":,
N
The work on electron beam sustained discharges for switching :.::
applications in the last year concentrated on investigations with E~S
NP
® gas mixtures with an attachment rate increasing with E/N. All b
.
these gas mixtures show an increase of resistivity with increasing ‘
E/N. If the attachment rate increases strongly with E/N, a nega-
® tive differential conductivity is also found. o
Although such a characteristic has advantages for the closed '
phase and for the opening phase, it can cause several problems.
PY One 1is the development of striations in the 1intermediate E/N
range. This effect 1is discussed in a 1985 IEEE Pulsed Power
Conference presentation (Appendix C) and in a paper which will be ".::::‘
® submitted to the Journal of Applied Physics (Appendix D). :
Another effect is the interaction of an element with neqgative
differential conductivity with a high impedance circuit. Investi- ":.;
PY gations concerning this effect are presented in one of the 1985 S
IEEE Pulsed Power Conference presentations (Appendix B) and in a e
paper which will be submitted to the Journal of Applied Physics
® (Appendix E). The most recent results have also been submitted to
two conferences in 1986 (Appendix F and G).
A third effect investigated is the interaction of the elec-
e tron source (e-beam) with the attachers used in the gas discharge.
This effect 1is discussed in two conference proceedings papers
(Appendix B and H).
e A
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IV. Optically Controlled Discharges

The optical control mechanisms, considered to be most
suitable for external discharge control, are photodetachment and
optically enhanced attachment. The influence of these effects on
the discharge characteristic has to be investigated over the full
E/N range of interest, which means mainly for externally sustained
discharges and the transition region to the self sustained dis-
charge. The experimental setup used for these investigations is a
transverse electrode configuration with a UV source incorporated
into one of the electrodes, similar to a TEA laser. Such confiqu-
rations can also be used as optically sustained discharge opening
switches. The turn-on and turn-off characteristics of UV sources
have therefore been investigated and are presented in a paper
which will be submitted to the Journal of Apnlied_ Physics
(Appendix I).

This setup in combination with a dye laser was used to inves-
tigate the influence of photodetachment on the characteristics of
an externally sustained discharge. These investigations will be

published in the Journal of Applied Physics (Appendix J).
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SPARK GAP AND ARC DISCHARGE INVESTIGATIONS e

re

roe

® (A.L. Donaldson, M. Ingram, M. Lehr,

H. Krompholz, and M. Kristiansen) ;

PS Due to a change in personnel this part of the research pro-
gram was modified considerably, in agreement with the Program :Ziiﬂ.
Monitor, Major H. Pugh. Professor F. Williams moved to the Uni-

P versity of Nebraska and Prof. H. Krompholz returned to Germany. =
lost of the originally proposed work was centered around Prof. _}'.'
Krompholz., We, therefore, concentrated on our previous erosion A:l'_:

P studies alona with a smaller effort along the 1lines originally
proposed, namely x-ray preionization of switch gases. ':ﬁ-:-

The high current facility used in some of the electrode :j"‘

PS erosion work was constructed with SDIO/DNA support and all future -
high current (2 100 kA) work along these lines will be supported '_j::j'
by that contract. The facilities were used on this (AFOSR) con- ZE:::'

Py tract to provide some continuity with our previous low current

N

(10's kA) studies and verify some of our predictions. '_:".:j-:

® .
. -
N
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. A, ELECTRODE EROSION ;

(A.L. Donaldson, M. Lehr, .

H. Krompholz, and M. Kristiansen) ;

o

I. Summary ..

q .

:l The work performed during the last contract period has focus-
- ed primarily on addressing the limitations on high current, high P

enerqy switches resulting from electrode erosion. A summary of

the major accomplishments is outlined below with a more compiete

. discussion given in the succeeding sections. ."

® ryurther materials testing in this low-current regime (10~ ,',:'

20 kA) confirmed that crack formation in stainless steel ® 2

could be explained by the presence of manganese stringers and

- eliminated by realignment of the arcing surface perpendiculari

to the stringer orientation. P .

® In conjunction with work supported by a SDIO-DNA contract, .

two new testing facilities were completed which allowed for

. peak currents up to 750 kA (280 kA has been tested to date). .'

:' ® High current testing was carried out on several new materi-

A als, including 3 copper composites (CuC, CuZr, CuCrZr) as

. well as molybdenum, copper, and graphite. At least one of .
E these materials (CuC) promises to offer superior erosion

: resistance at high current. .:

o




® The discontinuity effect (a rapid transition in electrode
erosion rate as a function of peak current) was found to be a
function of electrode area, material and the relative initial
charging polarity.

® The significance of vapor jet heating of the opposite elec-
trode as one of the major energy sources leading to electrode
erosion was confirmed.

® An extensive library has been compiled on arc erosion (over
250 papers to date), including numerous translations from the
Soviet literature (provided by the US Army FSTC, Mr. Larry
Turner). Considerable interest for this bibliography has
been expressed by the scientific community and an annotated

bibliography is currently being prepared.

II. Low Current Material Erosion Comparison

Four more materials were tested on the Mark II system (20 kA,
25 ys, unipolar, 50,000 shots); Al, Cu, CuZr, and CuZrCr [1].
Figure 1 shows the relative performance of the materials compared
with those previously tested. All three copper materials had very
low erosion rates and were equal to or better than the previously
best material, copper tungsten. Figures 2 and 3 show the surfaces
of these electrodes and indicates that pure copper might give
better voltage stability performance in that it yields a smoother
surface after testing. As expected, aluminum was a poor perform-

er, though not as bad as graphite. It was tested primarily to

give results for one more pure element in order to allow for a
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comparison of theoretical and experimental performances based on ,E.
thermophysical properties. "
Considerable effort was spent on analyzing the process of :
crack formation in stainless steel. The results were presented at E
the 5th IEEE Pulsed Power Conference and are given in Appendix K. PS -
Although later tests showed that stainless steel was not suitable
for use in high current, high energy switches, the information
concerning crack formation may be useful in those applications. ‘L.
III. High Current Erosion Measurements ;

o .

In order to perform electrode erosion tests at higher cur- :
rents (50-750 kA) the Mark V and Mark VI facilities shown in Fig. .z
4 were constructed. Both systems consist of a resistively charged ..'
capacitor bank connected in series to a water cooled Eest gap.
When the capacitor bank is charged to the self-breakdown voltage'
L of the spark gap it discharges through the test gap, producing a .‘--'
slightly damped oscillatory current wave form, as shown in Fig. 5.
The current is given by the equation
. .

i(t) = Z)LZT e Rt/2L sinw_t, \

where V, is the capacitor voltage, R and L are the circuit resist- .\*

ance and inductance and

1 R \ 2 S
Yo T \/'LiC—-(_L) : ._
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Thus, the inductance and resistance were kept to a minimum to
guarantee maximum current for a given capacitance. The discharge
current was varied by changing the system capacitance. Both Mark
Vv and Mark VI were modular in design in that they used inter-
changeable spark gaps, header plates, etc. Basically the Mark VI
capacitor bank consisted of up to six Mark V capacitor banks
connected in parallel. The system operating parameters for these

investigations are given below.

Mark V Mark VI
Peak Current (at 35 kV) 240 kA 600 kA
Enercy/shot 1.6 -8 kJ 1.6 -48 kJ
Effective charge/shot 1-5 Coul 1-30 Coul
Capacitance 2-10 p¥ 2-60 yF

The first series of experiments consisted of investigating
the rapid transition in the electrode erosion rate as a function
of peak current which is known to take place for several electrode
materials, including copper. This discontinuity in the erosion
rate has been studied previously [2-10] for a wide range of cur-
rents and gas pressures. The primary explanation for the effect
has been the increase in molten material ejection due to an in-
crease in the current density at the electrodes. The purpose of
the experiments performed at Texas Tech was twofold:

1) to further develop models for both electrode heating and

material removal in the high current regime in order to
make qualitative statements about scaling the erosion

rate and
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2) to enlarge the material database to include several more
recently developed materials.
The experimental conditions for all the test results given in

this report are as follows:

Gas Air

Gap Spacing 1 cm

Total Coulomb Transfer 1155 Coul

Electrode Diameter 1.27, 2.54 cm

Gas Pressure 1-3 atm (varied to keep the

breakdown voltage approximately
constant at 32 kV)

Number of Shots 300-1500 (varied to keep the
total Coulomb transfer constant
for all experiments)

Capacitance 1.85-9.25 uF (varied to study
the effect of current, - peak
current increases as the square

root of the system capacitance)

The results for the first series of experiments are given in
Figs. 6-8.

The effect of initial electrode polarity on the erosion of
1.27 cm diameter copper electrodes is shown in Fig. 6, A discon-
tinuity in the anode erosion rate is easily observed with over an
order of magnitude increase in the erosion rate occurring as the

current is 1increased from 150 kA to 200 kA. Sinale shot and

RN
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cumulative damage patterns for the anode at several test currents
J. are shown in Figs 9-11, The discontinuity seems to occur at the
point at which the single shot damage pattern just begins to
encompass the entire hemispherical electrode tip. For still
higher current 1levels the arc 1is restricted by the electrode
geometry to the same effective electrode area and thus the in-
crease in current density leads to enhanced erosion by one of two

mechanisms to be discussed later.

It is thought that at low currents the electrode erosion is
dominated primarily by vaporization, whereas at higher currents
the bulk of the erosion occurs in the molten phase. Examination
of the electrode surfaces and the eroded debris shown in Figs. 12
and 13 tend to support this conclusion. Also, from Fig. 6, it is
seen that the slope of the total erosion rate vs current increases
as 16, while the cathode erosion rate remains approximately
constant in this transition region. This result seems to suggest
that material is being transferred from the anode to the cathode
in the transition region. Examination of the profiles of the
electrodes shown in Fig. 14 indicates that not only is this true
but that a significantly different mechanism for erosion 1is
occurring, depending on the 1initial polarity. Keeping in mind
that the discharge is oscillatory, with only slight damping, the
question naturally arises - Why is there a polarity effect at all?
After all, any effect which is polarity dependent would occur on
each electrode alternately as the current reverses direction. The
key to understanding this is realizing th:¢ . this statement is only

true if the initial conditions "seen" by each subsequent current
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reversal are the same. In fact they are not. For example several
important physical factors are fundamentally different during the
first half cycle. First, during the initial rise of the current
the arc is known to be in its most resistive phase since the qgas
is being ionized and electrode vapor is being released and heated
N to provide charge carriers for current conduction. Thus, a pulse
of energy is delivered to the intergap region resulting from the
product of the voltage (which falls from Veharge to Vayc) and the
current (rising from zero to its peak Ip). All other current
P peaks on subsequent cycles occur after the voltage across the gap
s has collapsed to its minimum value. Secondly, the peaks in the
current which occur later in the discharge are formed in a lower
density, higher temperature gas, although the effect this has on
the erosion or the enerqgy delivered to the electrcde is unknown.
- Finally the density of the individual current filaments is also
likely to be a function of particular points in time on the.
current waveform as a result of both of the previous
considerations. Thus, both the experimental results and physical
reasoning seem to suggest that what occurs during the arc's
formative stages in the first half cycle of the discharge plays a
significant role in determining the degree of electrode erosion.
It should be noted that under slightly different conditions the
erosion pattern of the 1initial anode and cathode could be
reversed. This tends to support the role of vapor jet erosion of
the opposite electrode, mentioned in the last annual report [11],
and will be discussed with some other experimental evidence in the

section on vapor jet heating of the electrode.
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®
Returning to the original set of experiments, the discontinu-
® ity effect was also studied as a function of the electrode diame-
ter, as seen in the initial results shown in Fig. 7. The slope of
the transition region is reduced from an I® dependency for 1/2"
P diameter electrodes to approximately 135 for 1" diameter
electrodes. The exact scaling will more than likely be a function
of the geometry of the electrodes as well as several other
°® factors, but it 1is evident that a critical parameter 1is the
macroscopic current density Ip/electrode area. A similar
conclusion was found by Gremmel [3] for lower currents, longer
° pulsewidths and by Belkin [6], at high currents.
Finally, Fig. 8 shows the effect of changing the electrode:
material from copper to graphite. It is believed that graphite
® does not have a transition reagion because it erodes via vaporiza-
tion throughout the range of currents tested. The results are
important for several reasons:
°® 1) no apparent discontinuity in the erosion rate occurs for
graphite in this current range,
2) there is a point, approximately 160 kA under these
® conditions, at which graphite performs substantially
better than copper, thus a material which had given
relatively poor erosion characteristics at low current
PY was clearly the best material at high currents,
3) graphite is a material whose resistivity is almost two
orders of magnitude higher than copper, which tends to
® rule out I2R losses in the electrode as the dominant
heating mechanism under these conditions.
®
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Finally, a comparison of the erosion rates of all materials
tested in this current regime is shown in Fig. 15. It is clear
¢ that both copper-graphite and graphite offer superior resistance
to erosion. The question remains - Why? To answer this, several
experiments were conducted to look at the two main mechanisms
N thought to be responsible for electrode erosion - vapor jet heat-
ing of the opposite electrode and its associated phenomena, and
the interaction of current filaments leading to 1liquid droplet

ejection in copper and molybdenum electrodes.
IV. Vapor Jet Effects

Vapor jets emanating from the electrode surface are thought
to be a primary source for heating the opposite electrode and
under some conditions for electrode erosion as well. A.descrip—
tion of the vapor jet phenomena along with a review of the rele-
vant literature was given in the last annual report [11]. Experi-

ments designed to evaluate the role of vapor jets in electrode

erosion were based on the following properties:

1) the smaller the diameter of the electrode the higher

the jet energy (restricting the effective nozzle, which

leads to higher velocities)

4
v .
a)-

e’y

2) the larger the area of the opposite electrode the more
; enerqy is received by the electrode from the jet,
q 3) the lighter the atomic weight of the electrode producing

the jet, the lower the jet energy.
The experiments consisted of changing the electrodes diameter from
2.54 cm to 1.27 cm and mixing materials (carbon anode copper

cathode etc.). The results are ngiven bhelow.
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Vapor Jet Heating Experiments

Exp.

No. Anode Type Cathode Type Anode Loss Cathode Loss
(cm3) (cm3)

1 1" Cu 1" Cu 0.023 0.026

2 1/2" Cu 172" Cu 0.14 0.043

3 1/2" Cu 1" Cu 0.10 0.23

4 1" Cu 1/2" Cu 0.16 0.073

5 1/2" C 1" Cu 0,037 0.041

Experiments one and two were run to provide points of refer-
ence. Comparing the first three experiments we see that the
cathode erosion is a strong function of the size of the opposite
electrode with a smaller opposite electrode producing qreater
erosion. Experiment four indicates that this effect is more a
function of size than of polarity. Finally, experiment five
together with experiment three indicates that the material of the
opposite electrode also affects the erosion with the 1lighter
atomic weight, carbon producing significantly less erosion. All
of these results would be correct if the vapor jet phenomenon
plays a significant role in electrode erosion. Referring back to
the earlier results of erosion versus electrode material it seems
likely that carbon and carbon composite electrode materials per-
form well at high currents since their lower atomic weight reduces

the enerqy transferred to the electrodes.
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Fig. 2 Low Current Electrode Surface Damaqge
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Fig. 3 Low Current Electrode Surface Damage
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Fig. 9 Copper Anode Erosion at 110 kA :
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b) Cumulative damage, 750 shots

Fig. 10 Copper Anode Erosion at 156 kA
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Fig. 12 Anode Erosion at 110 kA
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B. X-RAY IONIZATION OF SWITCH GASES

(M. Ingram and M. Kristiansen)

X-rays have been successfully used to preionize various gas
discharge lasers, providing known electron densities and
volumes. This same method may be used to preionize spark gaps for
triggering purposes. However, nc data are available on the
obtainable preionization densities in spark gap gases at greater
than atmospheric pressure. Thus, a study was begun to measure the
electron density in typical spark gap gases (Air, Nj, SFg) and
pressures (1, 3, S atmospheres) in order to predict the
effectiveness of x-rays as a trigger source and provide known
initial conditions in a spark gap for later studies,

We are currently investigating x-ray ionization of Air,
Nitrogen, SFg, and Argon. The x-ray source is a cold cathode,
tungsten anode, flash x-ray tube manufactured by ITT. It is
driven by a fast Marx bank at voltages up to 150 kV. Because of
the large divergence of the tube, the x-rays are passed through a
Soller slit (thin parallel stainless steel plates) to form a
collimated rectangular beam. The x-rays are then introduced into
a pressure chamber via a Plexiglas window (Fig. 1). The chamber
contains the gas under study, and is used at pressures up to
5 atm. Inside the chamber is a large, flat, rectangular electrode
(12 cm long) separated by the gas from a series of twelve small
collection electrodes. FEach small electrode is 8 mm 1long,
separated by 2 mm and terminated in a 10 k resistor. When a

potential is applied to these electrodes, the electrons generated
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by the x-rays will drift toward the collection electrodes. By
monitoring the current extracted from these -electrodes, the
ionization 1levels in the gas at various positions (from 1 to
12 cm) can be measured.

Results have been obtained for Arqon and Nitrogen (Figs. 2 &
3). In Argon, with a 100 kV pulse applied to the tube, 5x107 to
2.5x108 jonized particles have been measured at pressures from 1
to 5 atm. At 150 kV tube voltage, the total number of electrons
ranges from 1x108 to 5x108, for the same pressures. For Nitrogen,
at 100 kV tube wvoltage, 1.3x106 to 4.22x10% electrons were
generated. For 150 kV, 4.13x106 to 9.14x10® electrons were
generated.

In each of the above measurements, a peak in the ionization
was found at typically 4.5 cm from the Plexiglas window, and then
leveled off at about 6.5 cm. This is because the average photon
energy is considerably lower than the maximum energy (tube volt-
age). At these lower energies, the absorption 1is qgreater.
Absorption of higher energy photons remains nearly constant (and
very small) through the 1length of the chamber, but the lower
energy photons are absorbed more readily near the front end of the
chamber.

No measurements have been obtained for air or SFg, as was
originally intended. This is because the strong attachment in
these gases prevents any electrons from drifting across the qap
and being collected. Rough approximations can be made however, by
considering the atomic weights and densities of these gases.

Since the absorption coefficient in Ny is slightly less than in
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air, more electrons should be generated in air than in Nj. How-
ever, since air is 80% N, and 20% Oj, the level should not be too
different. Similarly, SFg should produce more than Argon, since
it is considerably denser.

This same x-ray tube has been incorporated into a spark gap
to investigate the reliability of this source as a trigger mecha-
nism (see Fig. 4). The tube is mounted on the ground electrode
(top) so that the x-rays are admitted into the pressurized cham-
ber along the axis of the electrodes. A 2" 1long hollow 1lead
cylinder (I.D. = 4 mm) in the top electrode is used for collima-

tion. The ground electrode is made of 1" diameter graphite with

a hemispherical tip (graphite was chosen for its narrow selfbreak-

down distribution and low x-ray absorption). Graphite and stain-
less steel were alternated for the high voltage electrode. The
graphite electrode, because of its low x-ray absorption, will not
eject any electrons when bombarded by x-rays; thus, the electrons
generated in the gap can be considered as arising from the gas
ionization. The stainless steel electrode will absorb x-rays very
readily, and so acts as an additional source of electrons.
Because of this, the gap polarity will also be considered.

Trigger delays ranged from 77 ns to 350 ns. In general, for
graphite/graphite electrodes, delays ranged from 100 to 200 ns for
air, and from 170 to 350 ns in Nitrogen. In every case, the
triggered gap voltage was greater than 95% of Vgp. For the graph-
ite/stainless steel combination with positive polarity, delays of
77 ns to 180 ns delays were measured, at voltages greater than 95%

Vgp. For the same elecctrodes with a negative polarity, delays of
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80 ns to 240 ns (> 75% Vgp) in air and 86 ns to 220 ns (>95% Vgp)
in Nitrogen were obtained. Obviously, this triggering scheme does
not perform well, due to the low ionization of the gas. Since the
gas absorbs lower enerqgy x-ray photons better, a lower energy,

higher intensity source may improve the performance.
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EXPLORATORY CONCEPTS

(M. Ingram, P. Ranon, K. Ikuta*, and M. Kristiansen)

I. Introduction

Since we did not obtain funds for the Raman shifter for our
laser we were not able to carry out the main proposed
investigation. 1Instead we concentrated on surface discharges
and on the development of a new concept for injecting "bullets" in
a railgun. Work 1is also underway on the proposed decrease of
losses in microwave structures and should be completed within the
next 1-2 months, The 1limits to channel currents 1in surface
discharge switches has not been found. The 1limit is certainly
much higher than we had expected and beyond our present switch
capacity of about 250 kA. The work on surface discharges
(insulator damage in intense discharge environments) will be

continued with DNA/SDIO support.

Visiting Scientist from the Institute of Plasma Physics

Nagoya University, Nagoya, Japan 464
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II. Surface Discharge Switchinq*

(P. Ranont, M. Kristiansen, and L. Hatfield)

During the first 6 months of fiscal year 1985, an existing
surface discharge switch was modified to increase the current
level from less than 10 kA to 130 kA in order to study the dynamic
performances of insulators. Hold-off voltage versus the number of
shots and the cold recovery voltage (hold-off voltage of the
degraded insulator material after the surface was allowed to cool)
were reported for: (1) G-10 (fiberglas polylaminate), (2) Delrin,
and (3) Teflon. An experimental setup shown in Figure 1 was used
to discharge a ringing current with a peak of 130 kA across the
surface of 1insulator samples under test. The discharge current
was determined by the hold-off voltage (initially set to approxi-
mately 40 kV) of the insulator material which was degraded by
surface erosion.

The 1insulator performance results for G-10, Delrin, and
Teflon are reported in the paper entitled "High Current Surface
Discharge Switch”, 5th IEEE Pulsed Power Conference (Appendix L)
and are not duplicated here.

In the last months of the fiscal year 1985 additional funding
was received from SDIO/DNA to study insulators for railquns at

high currents and Coulomb transfer. Two additional surface

Work jointly supported by the AFOSR and SDIO/DNA

+ USAF Officer (AFIT Student)
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discharge switches as shown in Figs. 2 and 3, were designed and
constructed using their funds. We presently have the capability
of accommodating insulator samples up to 5 cm x 10 cm x 30 cm and
peak discharge currents in excess of 200 kA {not all parameters
simultaneously). Parameters of the discharge are (1) Ipeak > 200
ka, (2) f5 = 435 kHz, and current reversal of > 85% (second
current peak divided by the first current peak).

With the two newly constructed surface discharge switches, we
plan to test the following materials in the first six months of
F.Y. 1986:

(1) Alumina Ceramics,

(2) G-11,

(3) Boron-nitride (possibly silicon-nitride)

(4) Silicon Carbide, and

(5) Kapton.

During the 2nd half of F.Y. 1986, a possible theoretical
model of insulator erosion will be proposed based on experimental
results obtained in the first half of F.Y. 1986, Most of this

work will be supported by SDIO/DNA except as it applies specifi-

cally to high power switch performance.
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TEST CONDITIONS

,,,,,,,,,

SCHEMATIC OF EXPERIMENTAL CIRCUIT

Re
vV ANODE
. | -
H.V.P.S. C —— INSULATOR SAMPLE
. | |
CATHODE

H.V.P.S. - HIGH VOLTAGE POWER SUPPLY (0-70 kV)

Re - CHARGING RESISTOR (100 K{D

C - ENERGY STORAGE CAPACITOR (1.85/uF)

SAMPLE CURRENT DISCHARGE WAVEFORM

Ipeak = 200 kA
Fo 435 xHz
[2/11

85% + (1] - FIRST PEAK, I - SECOND PEAK)

f ,’I ,‘ Iﬂ"“

- ORI
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Fin. 3 200 kA *, 435 kHz RINGING DISCHARGE
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III. Conical Liner Implosion as a Projectile Injector
for Mass Driver F

(K. Ikuta and M. Kristiansen)
Introduction a

A novel, high voltage injector concept for railguns has been
developed. The resulting paper has been submitted for publication Py
in the Japanese Journal of Applied Physics (Appendix M).

An important conclusion by the development is that it is
possible to give a projectile an injection velocity of order P
1 km sec~! by use of the conical liner with its length of 25 cm.
The necessary current for squeezing the cone is of the order 106
amperes for this injection velocity. An interesting case for the .f
concept is the conical O-pinch injector in which the current along
the liner can be driven by an induced electric field. In this
case, repetitive injections of the projectiles into the railguns .ﬁ

will become possible.
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Journal Papers and Conference Proceeding Papers

Published with AFOSR Support (1984-85)

@
H.C. Harjes, K.H. Schoenbach, G. Schaefer, M. Kristiansen,

® Krompholz, and D. Skaggs, "An Electron Beam Tetrode for Multiple,
Submicrosecond Pulse Operation,” Rev. Sci. Instr., vol.
1684-1686, Oct. 1984.

®

Plasma Sci, Vol. PS-12, pp. 271-274, Dec. 1984,

1985.

Technoloqy, Tampa, FL, March 1985.

Krompholz, "A New Design Concept for Field Distortion

Discharge Switches,"” Proc. 5th IEEE Pulsed Power Conf.,

VA, June 1985, to be published.

G. Schaefer, P. Husoy, K.H. Schoenbach, and H. Xrompholz,

Hollow-Cathode Discharge with WNanosecond Risetime," IEEE Trans.

K.H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz,
Harjes, and D. Skaggs, "An Electron-Beam Controlled Diffuse Dis-

charge Switch," J. Appl. Phys., vol. 57, pp. 1618-1622,

H. Krompholz, K.H. Schoenbach, and G. Schaefer, "Transmission Line

Current Sensor," Proc, IEEE Conf. Instrumentation/Measurement

G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach,

Spark Gaps," J. Appl. Phys., vol. 57, pp. 2507-2511, April 1985,

G. Schaefer and K.H. Schoenbach, "External Control of Diffuse

Arlington,
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73 K.H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, D. K
f' Skaggs, and E. Strickland, "An E-Beam Controlled Diffuse Discharge ®
. Switch," Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June p
é 1985, to be published. -
B L
M M.R. Wages, G. Schaefer, K.H. Schoenbach, and P.F. Williams, E
Vi "Streak Photographic Studies of Trigatron Triggered Breakdown," :
X Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June 1985, to be P
. published. ;
J.R., Cooper, K.H. Schoenbach, G. Schaefer, W.W. Byszewski, and "
:E J.M, Proud, "Magnetic Controlled Discharges for Switching Applica— t
f tions," Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June .
. 1985, to be published. ‘;
¥ :
"i A.L. Donaldson, M. Kristiansen, H. Krompholz, M.O. Hagler, L.L. ;
g -

Hatfield, G.R. Leiker, P.K. Predecki and G.L. Jackson, "Analysis

of Electrode Surface Damage in High Energy Spark Gaps", Proc. 5th

IEEE Pulsed Power Conf., Arlington, VA, June 1985, to be pub- >

lished.

P.M. Ranon, H. Krompholz, M. Kristiansen, and L.L. Hatfield, "High

Current Surface Discharge Switch", Proc. 5th IEEE Pulsed Power

t

. Conf., Arlington, VA, June 1985, to be published.

.,
~
“~
o~
A
-
)
-
Al
-
o
-




52

B. Maas, H. Krompholz, M. Kristiansen, and M. Hagler, "Arc
Current, Voltage, and Resistance in a High Energy, Gas-Filled
Spark Gap", Proc. 5th IEEE Pulsed Power Conf., Arlington, VA,

June 1985, to be published.

G. Schaefer, K.H. Schoenbach, M. Kristiansen, and H. Krompholz,
"An Electron-Beam Controlled Diffuse Discharge Switch," Proc.
XVIiIith Int. Conf. on Phenomena in Ionized Gases, pp. 626-628,

Budapest, Hungary, July 1985,

M.R. Wages, G. Schaefer, K.H. Schoenbach, and P.F. Williams,
Physical Triggering Mechanisms of Trigatron Spark Gaps," Proc.
XVIIth Int. Conf. on Phenomena in Ionized Gases, pp. 638-640,

Budapest, Hungary, July 1985.

A.L. Donaldson, E. Kristiansen, M. Kristiansen, A. Watson, and K.
Zinsmeyer, "The Discontinuity in Electrode Erosion at Very High
Currents"”, submitted to the 3rd Symposium on Electromagnetic

Launch Technology, Austin, TX, April 1986.

P.M, Ranon, M. Kristiansen, M. Lehr, and L.L. Hatfield, "Insulator
Damage in High Current Discharges", submitted to the 3rd Symposium

on Electromagnetic Launch Technoloqy, Austin, TX, April 1986.

Kazunari Ikuta and M. Kristiansen, "Conical Liner Implosion as a

Projectile Injector for Mass Drivers", submitted to the Japanese

Journal of Applied Phys., December 1985,
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Interactions

a) Papers Presented

During the last contract period (October 1, 1983 - October
31, 1984), the following papers were presented, in addition to

those listed as conference proceeding papers:

J.R. Cooper, K.H. Schoenbach. G. Schaefer, J.M. Proud, and W.W.
Byszewski, "Magnetic Control of Low Pressure Glow Discharges,"”

37th Gaseous Electronics Conference, Boulder, CO, Oct. 1984.

M.R. Wages, P.F. Williams, G. Schaefer, and K.H. Schoenbach,
"Streak Photographic Studies of Trigatron Triggered Breakdown,"

37th Gaseous Electronics Conference, Boulder, CO, Oct. 1984.

-Invited~ K.H. Schoenbach and G. Schaefer, "External Control of
Diffuse Discharge Switches," 12th IEEE Int. Conf. Plasma Sci.,

Pittsburgh, PA, June 1985,

G. Reinking, G. Schaefer, K.H. Schoenbach, and G. Hutcheson,
"Attachment of 1Initial Secondary Electrons in an Electron Beam
Sustained Discharge"”, 12th IEEE Int. Conf. Plasma Sci.,

Pittsburgh, PA, June 1985.

J.R. Cooper, K.H. Schoenbach, and G. Schaefer, "Magnetic Control

of Low Pressure Diffuse Discharges,” Joint Symp. Swarm Studies and
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Inelastic Electron Molecule Collisions, Lake Tahoe, NV, July

1985.

A.L. Donaldson, A. Watson, and M. Kristiansen, "Investigation of
the Discontinuity effect in High Energy Spark Gap Erosion", 27th
Annual Meeting APS Division of Plasma Physics, San Diego, CA, Nov.

1985.

G. Schaefer, K.H. Schoenbach, M. Kristiansen, and E. Strickland,
"Negative Differential Conductivity in E-Beam Sustained
Discharges", 27th Annual Meeting Division of Plasma Physics, San

Diego, CA, Nov. 1985.

b) Consultative and Advisory Functions

During the 1984-85 contract period, the following functions
were undertaken:

Dr. Kristiansen served on the USAF Scientific Advisory
Board.

Dr. Kristiansen served on the USAF Ad Hoc Committee on "High
Power Microwave Systems".

Dr. Kristiansen served on the USAF Ad Hoc Committee on the
"Effects of HEMP on Military C3".

Dr. Kristiansen served on the USAF Ad Hoc Committee on “"Basic
Science",

Dr. Kristiansen was a member of the NASA Workshop on "Plasma
Physics and Fusion Scientific Activity for the Space Station".

Dr. Kristiansen served as a consultant to LANL and LLNL.
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Dr. Kristiansen worked with personnel from Maxwell Labs,
P WPAFB, and Boeing Co. to resolve a critical problem related to an

Air Force project (see Appendix N).

® c) Other Interactions

Numerous interactions with other universities, industry and

government laboratories were carried out during the contract
PY period. Our group effectively served as a coordination point for
much of the ongoing work in high power gas discharqges for switch-

ing applications in the U.S.

® Professor H. Krompholz attended the IEFE Conf. on
Instrumentation and Measurement Technoloqy, Tampa, FL, Marct
1985,

PS Prof's. G. Schaefer and K.H. Schoenbach attended the 12%h

IEEE Int. Plasma Sci. Conf., Pittcburgh, PA, June 1985,
Prof. G. Schaefer visited the Department of Physics, Univer-
® sity of Pittsburgh, PA, (Prof's. F. Biondi and R. Johnsen) June
1985.
Prof. G. Schaefer visited the Westinghouse Research Labora-
P tory, Pittsburgh, PA, (Dr's. P. Chantry and L. Kline) June 1985,
Prof. G. Schaefer visited 0Oak Ridge National Laboratory, TN,
(Prof. L. Christophorou) June 1985.
Py Prof's. M. Kristiansen, L. Hatfield, K.H. Schoenbach, and G.
Schaefer attended the Sth IEEE Pulsed Power Conference in Arling-
ton, VA, June 1985.

Py Prof's M, Kristiansen and G. S3chaefer attended the 1Int.

Conf on Phenomena in Ionized Gases, Budapest, Hungary, July 1985,
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Prof. G. Schaefer visited the Karlsruhe Nuclear Research
Center, West Germany (Prof's W. Schmidt and Citron), July 1985.

Prof. G. Schaefer visited the Department of Electrical
Engineering, Thechnical University Darmstadt, West Germany (Prof.
W. Pfeiffer), July 1985,

Prof. G. schaefer visited the High Voltage Institute, Techni-
cal University Braunschweig, West Germany (Prof. J. Salge), July
1985.

Prof. G. Schaefer visited the Air Force Weapons Laboratory,
Albuquerque, NM (Chief Scientist Dr. A. Guenther) August 1985,

Prof. G. Schaefer participated in the Organizing Committee
meeting for the Workshop "Research Issues in Power Conditioning",
Los Angles, CA (Prof. M. Gundersen) Sept. 1985,

Prof. M. Kristiansen attended the Technical Program Review
Meeting for the 5th IEEE Pulsed Power Conference, Wash., DC., Jan.
1985.

Prof. M. Kristiansen visited with Dr. B. Kulp, the Air Force
Systems Command, Wash. DC, Jan 1985.

Prof. Kristiansen attended, by invitation, a NASA Workshop,
and alsc met with Mr. L. Webster of the U.S. Army Ballistic
Missile Defense, May 1985.

Prof. Kristiansen visited with personnel at Eglin AFB, Oct.

1985.
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ADVANCED DEGREES AWARDED

(1984-85)

1. Henry Charles Harjes, Ph.D., "An Electron Beam Controlled

Diffuse Discharge Switch", May 1985,

2. Leo Erasmus Thurmond, M.S., "Photodetachment as a Discharge

Control Mechanism in Gases Containing Oxygen”, May 1985.

3. Brian Lane Maas, M.S., "Arc Current, Voltage, and Resistance

in a High Energy, Gas-Filled Spark Gap", May 1985.

4. Randy Dale Curry, M.S. "Triggering of Surface Discharge

Switches", August 1985,
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N 1984-85
s
James A. Ionson "The Policy and Technology of the

Strategic Defense Initiative"

May 2, 1985

Director, Innovative Science and
Technology Office, SDIO
Washington, DC

S T R T

William G. Dunbar "Insulating Materials Applica-
tions"”
"Space Applications of Insulating
y Materials™"

May 13, 1985

"Materials Testing"

May 14, 1985

Boeing Aerospace Company
Seattle, WA

Malcolm Buttram "Spark Gap Stability"
July 22, 1985
Sandia National Laboratories
Albuquergue, NM

Giyuu Kido "Generation and Application of
Megagauss Fields"
August 21, 1985
Tohoku University
Sendai, Japan

Alan Watson "Electrode Damage from Strong
Transient Sparks by Surface
Material Displacement in Hydro-
magnetic Flow"
September 12, 1985
University of Windsor
Windsor, Ontario, Canada

Andrew K. Jonscher "Dielectric Spectroscopy of Semi-
Insulating Gallium Arsenide"
October 10, 1985
University of London
London, UK

Martin Gundersen "Recent Progress in High Power
Switch Research"
October 25, 1985
University of Southern California
Los Angles, CA
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X
Guests of the Plasma and Switching Laboratory X
October 31, 1984 to October 31, 1985 Ny
® X%
March 7, 1985 o
Jan P. Jansen Norwegian State TV, Oslo Norway ‘lf
. .
May 2, 1985 v
James A. Ionson SDIO, Washington, DC -
Emanuel Honig LANL, Los Alamos, NM s
®
May 13, 1985
William G. Dunbar Boeing Aerospace Co, Seattle, WA .
July 19, 1985
James Thompson Univ. Texas at Arlington, i
Arlington, TX L
William Nunnally " nooow "
August 21, 1985
Mami and Giyuu Kido Tohoku University
Sendai, Japan .
Hwang Changsing Taiwan, ROC e
September 24, 1985 o
Joe Brown Mississippi State Univ, .ﬁf
Starkville, MS b
September 25, 1985 0y
Satoru Yanabu Toshiba Corp., Kawasaki, Japan :ﬁ;
October 8, 1985 AR
Lloyd Gordon LLNL, Livermore, CA. i
Wayne Hoefer " " " e
Ted Wilson " " " -
October 10, 1985
Andrew K. Jonscher Kings Collene, London, UK g
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: SUBMITTIED TO IEEE TRANSACTIONS ON PLASMA SCIENCE :
]
M A REVIEW OF DIFFUSE DISCHARGE OPENING SWITCHES*
. G. SCHAEFER, SENIOR MEMBER IEEE AND f‘_:
) K. H. SCHOENBACH, SENIOR MEMBER IEEE ~
Ar
~
-~
o, ]
<
..
A Abstract -f
‘ ol
The basic operation principles of externally controlled diffuse dis- N
charges with respect to their application as opening switches are discussed. :j
Discharge sustainment by electron and UV ionization and additional control .-'_‘
op
mechanisms such as photodetachment and optically enhanced attachment are
3 considered. Special emphasis is given electron beam controlled switches. For '::
such systems, design criteria are discussed and a summary of experimental =
a W
o switch results is presented. ;
e .'!-
y "
¢ =
l-*
*This work was supported by AFOSR and ARO. N
, G. Schaefer is with the Department of Electrical Engineering, Texas Tech 'V
) University, Lubbock, Texas 79409-4439, and with Polytechnic Institute of New ¥
York, Farmingdale, New York 11735. e%
-.':‘
K. H. Schoenbach {s with the Department of Electrical Engineering, Old ‘\'.-
Dominion University, Norfolk, Virginia 23508. ..
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I. INTRODUCTION

Inductive energy storage is attractive in pulsed power applications
because of its intrinsic high energy density compared to capacitive storage
systems. The key technological problem in developing inductive energy storage
systems, especially for repetitive operation, is the development of opening
switches. Promising candidates for repetitive opening switches are e-beam or
laser controlled diffuse discharges.

In a "Diffuse Discharge Opening Switch," the switch medium is an exter-
nally sustained discharge. Most of the research on externally sustained, high
pressure (> 1 atm), diffuse discharges has been performed with respect to its
application for molecular lasers. The most common sustainment method, the
electron~beam (e-beam) controlled discharge technique, was used by Daugherty,
Pugh, and Douglas~Hamilton in 1971 |1] to operate large volume, high energy
CO7 lasers. The use of diffuse discharges as fast closing and opening
switches was first proposed in 1976 by Hunter {2] and Koval'chuk and Mesyats
13,4].

A schematic diagram of an externally controlled opening switch as part of
an inductive energy storage system is shown in Figure 1. When the gas between
the electrodes is ionized by an e-beam or by radiation, it becomes conductive,
the diffuse discharge switch closes, and the inductor is charged. During
conduction, the reduced electric field strength E/N is kept in a range where
ionization through the discharge electrons is negligible. When the external
ionization source is turned off, electron attachment and cecombination
processes in the gas cause the conductivity to decrease and the switch opens.
Consequently, the current through the inductor is commutated into the load,
and the voltage across the load increases according to the impedance ratio of

load and storage system.
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The most efficient method at this time to provide for plasma conductivity
is the e-beam controlled discharge technique. Up to 50% of the electron beam
energy can be converted directly into ionization energy |5). The remaining
energy mainly goes into excitation. The ionization efficiency can be in-
creased further by using Penning gas mixtures, where part of the excitation
energy is converted into ionization through Penning collisions [6). The only

way to reduce the conductivity in an e-beam sustained discharge is to turn off

the e-beam. Optical control of diffuse discharges, on the other hand, allows

changing of the conductivity in either direction |7]). By irradiating a
discharce with radiation in the wavelength range corresponding to an atomic or
molecular transition, the electric properties of the plasma can be modified
through optogalvanic effects [8]. An attractive concept for an externally -
controlled diffuse discharge switch is to combine the advantages of both the
e~beam and optical control to create an e~beam sustained, optically assisted

switch |91].

IT. DISCHARGE ANALYSIS

A._ General Considerations

The goal of a discharge analysis of an externally sustained discharge for
switching applications is to evaluate the time dependent impedance of the
discharge for a given time dependent electron source in a given circuit. Such
analysis will allow the optimization of gas mixtures and operation conditions.
A complete discharge model must consider the bulk of the discharge and the
fall regions, especially the cathode sheath. It must provide for steady state

solutions and the transient behavior, and should include a stability analysis
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of the discharge.

Model calculations aimed toward discharge applications for opening
switches have concentrated mainly on the bulk of the discharge (zero-
dimensional), on the influence of the proposed optimum gas properties (E/N-
dependence of attachment coefficient and mobility), and on the transient
behavior (time dependence) of the discharge in an inductive energy storage
cirecuit [9-13). Bulk discharge models are based on solving a set of rate
equations for the charged particles and those excited particles which contrib-
ute to ionization. The steady state solution of the set of rate equations

gives the (V-I)-characteristics of the discharge. For the evaluation ~f its

transient behavior in a given circuit, the set of time dependent rate equa-

tions and the circuit equation must be solved simultaneously.

A simplified model of a spatially homogeneous discharge considers only
the charged particles [12]. All ionization processes by the discharge -
electron are neglected and two~body dissociative attachment 1is considered to j:;::,~

be the dominant attachment process. The rate equations are then given as:

dne -
— =S -k nn ~kNn (1) R
re + e a ae
dt B
,14
dn+ ;‘ :
— = § - kren+ne - krin+n_ (2) g
dt s
dn_
—_— = kaNane - krin+n_ (3)
dt

ke and kpqy are the electron-ion and ion-ion recombination rate coefficients,

.

respectively, k, is the attachment rate coefficient, N, is the attacher ﬁ
concentration in the gas mixture, and S is the source function (rate of "’:
N
s
(S8

v




electron-ion pair production by the e-beam). Assuming charge neutrality in
the discharge so that n, = ng + n., and with the assumption that k o = k. .y =

k., the rate equation can be solved for the steady state electron density ng4:

S

n = —
€ K N + JSk
a a r

for the steady state positive ion density n,g:

= JSlk_ .
n+o s/ T
electrons being the dominant current carriers, the conductivity is given

eus

k N + /Sk
aa r

where u is the electron mobility. This solution reduces to the attachment

dominated solution for kyN, >> kpng:
eus

k N
a8 a

and the recombination dominated solution for kgN; << kyny:

Since the diffuse discharge is considered to be used as a switch, that
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means as an element which controls the energy flow from an energy storage into
a load, the power dissipated in the discharge should ideally be negligible
compared to the power comnutated to the load. This requires a high conduc-
tivity at a low reduced field strength E/N. The desirable gas properties for
the conduction phase are therefore, according to equation (6), a large
electron mobility and small attachment and recombination rate coefficients at
low E/N.

In order to minimize losses during the transition from the conductive to

the nonconductive state (opening phase) the switch conductance should decay as
fast as possible. A simplified analysis of the opening phase is given by
considering the rate of change in electron density (equation 1) for either
recombination or attachment dominated discharges. For a non-attaching gas
(ka = 0), the relative change of electron density n, (and the switch conduc-

tivity o) is proportional to the instantaneous value of ng:

dne/dt
~—— = -k n (9
re

n
e

i.e., the relative rate of change slows down with reduced electron density.

In an attachment dominated discharge (kg N, >> krn+) on the other hand, the

e relative rate of decay is not dependent on the electron density:
dne/dt
—_— e kN (10)
aa
n
PY e

It can be controlled completely by the type and concentration of the electro-
@ negative gas added to the buffer gas.

In order to achleve opening times of less than one microsecond at initial
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. .
electron densities n, < 1014 cp=3, the dominant loss mechanism must be
attachment. That means that the switch gas mixture must contain an electro- .:.
negative gas. On the other hand, additives of attaching gases increase the . ‘
pover loss during conduction. Both low forward voltage drop and fast opening ‘
can be obtained by considering the E/N dependence of rate coefficients and - ¢
transport coefficients, and choosing gases or gas mixtures which satisfy the E..
following conditions {7,9,14,15]. ’:

1. For low values of the reduced field si:rength E/N, characteristic for .:}
the conduction phase, the electron drift velocity w should be large '
and the attachment rate coefficient k; should be small in order to
minimize losses. ol

2. With increasing E/N, characteristic for the opening phase of a switch =
in an inductive energy storage system, the attachment rate coeffi-
cient should increase and the electron drift velocity should decrease P -
in order to support the switch opening process. ‘

3. Additionally, the gas should have a high dielectric strength to hold --
off the expected high voltage across the switch when it opens. .i\

B. Specific Gas Mixtures

Calculations on the discharge behavior of specific gas mixtures have been ) ~

performed by several authors. Fernsler et al. |11]) studied the influence of “
an admixture of an attacher (0j) to a buffer gas (N7) during the opening phase ‘
of the discharge. The attachment rate of the three-body attachment process '
(e+02+N2 2 07+4N2) was considered to be dominant and independent of E/N. E:
Shortening of switch opening with increasing attacher concentration was :.‘\'o
demonstrated. - ’_‘
Kline [12) presented calculations on discharges in N3, Ar, Ny:Ar mix- ::_

=

- ol
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® .
2

: g

tures, and CH4 for the operation range of small e-beam current densities (some ;-\

mA/cm2). The steady state analysis presents the discharge characteristic, ?‘

* the switch characteristic, and the current gain. The current gain in an -:
e~beam sustained discharge is considered a figure of merit for the control _ES

° efficiency of the diffuse discharge switch. It is defined as the ratio of t
switch current to sustaining e-beam current. :'.;

Kline's transient analysis of the diffuse discharge |12] incorporates the :{

° influence of an attacher; however, an attachment rate indgpendent of E/N was "
considered. As a result of the calculations, methane was found to be the best :‘}::

of the switch gases studied since it exhibits a high electron drift velocity 'ﬂ

° at low values of E/N. Figure 2 shows the measured and predicted e-beam switch ".:;'
waveforms in methane for the experimental conditions of Hunter (1976). The - .

three different predictions result from different values for the recombination

° and attachment rates used in the calculations. a -‘
Schaefer et al. |9,13] presented calculations on discharges in Ny with -

N2O as an attacher. These calculations concentrate on the influence of an ;-.‘

® attacher with an attachment rate increasing with E/N. It was demonstrated ,‘:
that such an attacher with sufficient concentration generates a discharge :-:'_:'.:_
characteristic with a negative differential conductivity (NDC) in an inter=- -::"_:i

® mediate E/N-range. This behavior has also been predicted for discharges in Ny ‘
vith admixtures of COp or 0 as attachers |16). Figure 3 shows the steady

state 'E/N-j characteristic with the source function S as the variasble para-

PY meter for an N3/NyO discharge [9). Below ~ 3 Td, the discharge is recombina- _—
tion dominated. Above ~ 3 Td, the attachment rate increases, causing the _‘
conductivity to decrease (NDC). At high values of the source functions, the

AN

o electron density will be high enough so that recombination 1s significant also ::.\
in the E/N range with a high attachment rate and the negative differential -:

-
-
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conductivity disappears.

The transient analysis shows that such a discharge characteristic allows
to operate the discharge with low losses during the conduction phase in the
E/N range below the threshold for attachment and to achieve fast opening
times. Figure 4 shows the calculated time dependence of E/N and the current
density j with the attacher concentration as the variable parameter. For the

three smaller values of the attacher concentration (0.1%-0.75%), the discharge

reaches the same low value of E/N where it is recombination dominated. The

opening time decreases with attacher concentration, however, the closing time
increases. For the higher values of the attacher concentration () 1%) the
discharge is obstructed to reach the low E/N range and stays attachment
dominated, causing high losses. These results demonstrate that the desired -
attachment rate for low losses during conduction and for fast opening ob-
structs switch closing. Photodetachment is therefore discussed as additional
control mechanism to overcome attachment during switch closure (see "Optical

Control Mechanisms").

II1. BOUNDARY EFFECTS AND INSTABILITIES

The voltage drop across e-beam sustained diffuse discharges reaches from
several hundred volts to several kilovolts, depending on operation conditions.
An appreciable amount of the total voltage may be the cathode fall voltage
[17-21). The cathode fall voltage is a function of e-beam current, discharge
current, gas type and pressure and electrode material |21). For atmospheric
pressure discharges and small gap distance, it can be considerably larger than
the voltage across the bulk of the discharge. The addition of an attaching

gas does not seem to increase the cathode fall voltage very much.




A theoretical investigation of the cathode fall in high pn‘essure e-beam
J. controlled discharges included secondary emission from the cathode and
electron~impact ionization of metastable states |20}. The results showed that
the cathode fall of an e-beam fonized discharge 1s very sensitive to the value
of the cathode secondary emission coefficient, demonstrating the importance of
the electrode properties.

Instabilities which lead to a glow-to-arc transition usually originate

near the electrodes, a region of higher electric field 'intensity and lower
electron density. Streamer formation is considered to begin with the
formation of a filament of gas, heated to a temperature adequate to provide
sufficient thermal ionization to become significantly conductive. Streamers
can grow from cathode layer hot spots, and have been observed to originate on
cathode protrusions [{23]. The streamers subsequently propagate at speeds
® close to sonic, generally progressing with increasing veloc_ity across the gap.
An important feature of streamers in discharge gases is therefore that arcing
can occur a considerable time after the e-beam current has been turned off

Py 124].
The development of plasma instabilities in the bulk of the diffuse
discharge was addressed by Haas (25,26), Nighan {27}, and Bychkov et al. {10]}.
o Two general models of bulk instabilities have been proposed, thermal and
ionization. The thermal instability is due to local heating and dilution of
the gas with subsequent increase in E/N, which in turn causes increased local
® energy deposition, etc. The ionization instabilities occur when in high field
regions of the discharge, preferentially close to the electrodes, the
regenerative ionization becomes comparable to the fonization caused by the

external source. The times for the develcpment for these instabilities range

from hundreds of nanoseconds to milliseconds, depending on discharge para-




meters and filling pressure |28]}.

Discharges in mixtures containing electronegative gases can exhibit an
attachment instability, if the attachment rate coefficient k, 1s a rapidly
increasing function of E/N {16,29). A small local increase in the electric
field intensity in such a gas mixture causes an increase in attachment which
leads to a decrease of the electron density and therefore to a further
increase in electric field. Ultimately, waves of high electric field in
electron-depleted regions move across the discharge, resulting in current
waves. The relevance of this instability is that the highllocal fields caused
by the electron loss will greatly increase local heating, and streamers are
initiated, growing toward both electrodes.

A problem related to instabilities in diffuse discharges is power loading
130]. The electrical energy density deposited in the gas 1s the product of
discharge current density and electric field integrated over time. This
energy 1s deposited in the form of kinetic energy of the gas molecules (gas
heating) and in the internal degrees of freedom of the gas molecules.
Experimental investigations have lead to the conclusion that an uniform
discharge can be sustained until the gas temperature has increased to approxi-
mafely 500 K |24). After that point the uniform glow goes over to an arc.

There are attempts to quantify the fraction of the electrical energy
input which results in gas heating as a function of E/N for timescales short
compared to vibrational relaxation [31]. A major fraction of the energy input
to molecular gases 1s consumed by vibrational excitation. Shirley and Hall
132} determined vibrational temperatures in Hy as a function of energy density
deposited in the gas. They found vibrational temperatures of 1500 K to 1800 K
for power loadings of several kJ/mole, or about 0.1 J/cm3 atm at 30 Td. The

changes due to enhanced population in the high energy states of the gas
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nclecules will affect the behavior of the diffuse discharge switch, especially
if attachers are used where the attachment cross section changes drastically

with vibrational excitation as in HC1l or Hp |33,34].

IV. OPTICAL CONTROL OF DIFFUSE DISCHARGES

External control of a diffuse gas discharge, in general, means to make
use of some mechanisms to influence the charge carrier balance in the dis-~
charge, in addition to those processes solely caused by the applied electric
field. The control mechanism can be used to increase or to decrease the
conductivity by controlling either the electron generation or depletion
mechanism.

For opening switches, mainly externally sustained discharges are consid-~
ered. An externally sustained discharge is operated in the E/N range where
the ionization coefficient i1s negligible so that the electron generation
process is given solely by the external source. Besides electron beams, UV
radiation also has been used as a sustalnment method for TEA-laser discharges
{35~37). Similar devices with glow discharges sustained by high power flash
boards have also been investigated for switching applications |38-40|. The
advantage of these devices is that the design and operation of a UV flashboard
is significantly simpler than an electron beam gun. For an efficient
impedance matching, a large number of sparks are operated in series [38]. A
problem at this time is to achieve a fast cutoff of the ionization source.
The propagation time for the exciting electric pulse through the flashboard
140) and the long afterglow of the flashboard |38] seem to limit the opening
time to values above one microsecond.

An alternative would be to use lasers which allow a very precise timing.
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Due to the high costs of laser photons, however, it seems to be inefficient at
this time to use lasers as a sustainment method, especially if high photon
energies are required. Lasers, on the other hand, offer the unique possi-
bility to influence the density of specific states of one of the species
generated in the discharge, and subsequently the generation and depletion
mechanisms of electrons [8]. Laser discharge control for switching applica-

tion is therefore considered only as an additional control for a specific

phase of the switch cycle, where other means do not allow the optimization of

the discharge properties. Laser control of diffuse discharges for opening
switches is a very recent research field. Besides papers on concepts
17,8,13}, model calculations on certain proposed systems |9,14], and investi-
gations of basic processes suitable for switching applications [42,43}, there
are no results on operational switching devices available.

" the main

As discussed in the section on "Diffuse Discharge Analysis,
effort concentrates on the optimization of the electron depletion through
attachment. Although an optimization of the steady state phase and the
opening phase is possible through tailoring the E/N dependence of the attach-
ment rate coefficients, there are still problems related to the closing phase.
C&ncepts on additional optical control, therefore, concentrate on attachment
and its control in one of the transition phases. In principle, there are two
different methods for optically controlling attachment: (1) to use photo~
detachment to overcome attachment {13), or (2) to use optically induced

attachment in gases which otherwise would not have a strong attachment rate

in the E/N range of interest |7].

A. Photodetachment

Just like photoionization, photodetachment is a nonresonant process which
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in general requires much lower photon energies. The cross sections usually
are not very high, requiring a high laser power. Therefore, photodetachment
seems to be an appropriate process only if required for a short switch period
in discharges sustained by other means (Schaefer et al., 1984).

A negative ion considered for photodetachment as a control mechanism is
0~ {13]. The photodetachment cross section has a threshold at a photon energy
of 1.47 eV and reaches a plateau of 6.3-10"18 cn? at approximately 2 eV [47].
Several molecules, such as 03, NO, CO, N0, NO, CO3, and SO, undergo
dissociative attachment producing 0~ (example: e~ + Oy = O™ + O).

In fact, in all these gases or gas mixtures with these gases, competitive

attachment processes exist or subsequent reactions of 0~ will occur, producing

molecular negative ions which in general have lower cross sections for"

photodetachment. 1In discharges in Oj, for example, the dominant molecular
negative ion is 05 which is produced either through attachment in a three-
body collision (e~ + 09 + 07 @ 037 + 02), which is the dominant attachment
process at high pressures (Moruzzi and Phelps, 1966), or in a charge transfer
collision with 07 (07 + 0y 9 07 + 0). The cross section for photodetachment
of 05 is smaller by a factor of approximately 5 at 2 eV. Photodetachment
experiments in low préssure 0y discharges and flowing afterglows showed that a
fraction of 50% of the negative ions could be detached with laser pulses with
an energy flux of 35 mJ/cm? and a photon energy of 2.2 eV [13]}.

For attachers with a high attachment rate at high values of E/N and low
or zero attachment rate at low values of E/N, photodetachment may be a
suitable process to support a transition from a highly attaching state into a
non-attaching state of an externally sustained discharge. The effect of laser

photodetachment on the closing phase of an electron-beam sustained discharge

in Ny containing an admixture of NjO was calculated by Schaefer et al. |9}.
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Figure 5 shows the transient behavior of the discharge for an operation
condition in which the closing phase is obstructed by attachment so that the
discharge never reaches the low E/N-regime where it is not dominated by
attachment. With a laser power density of 107 W/cm?, attachment is partially
compensated and the discharge behaves similarly to one with a lower attachment
concentration (compare with Figure 4). Since the laser is required only
during the closing phase for about 10 ns, the power density of 107 wW/cem2
corresponds to an energy flux of 100 mJ/cm2. Since only a small fraction of
the power 1s absorbed, this requirement can easily be fulfilled by a multipass

or intracavity optical design.

B. Optically Enhanced Attachment

Optically enhanced attachment means to use a gas mixture with an additive
of rolecules, which in their initial state are very weak attachers, and to
transfer these molecules through optical excitation and maybe some subsequent
spontaneous transitions into species which act as a strong attacher. Optically
enhanced attachment is a control mechanism considered for controlling the
opening phase of diffuse discharge opening switches {7].

Certain attachers have a drastically increased attachment cross section
in their rotational and/or vibrational excited states. This effect was first
observed for dissociative attachment of SFg producing SF% |47,48]. An
attachment rate constant ka(T), increasing with temperature T, is the clearest
measure for the change of the cross section with vibrational and rotational
excitation since the density of such excited molecules increases with T.
There are several attachers known to show a strong increase of the attachment
rate with increasing temperature [49,50]}.

As yet, there are no known measurements of attachment cross sections for
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individual vibrational states. 1In experiments by Srivastava and Orient (51§,
however, it was demonstrated that monoenergetic electrons at least allow the
excitation of specific modes of vibration, and subsequently the measurement of
attachment cross sections of a special group of vibrational states. Bardsley
and Wadehra |33) have calculated the cross section for the vibrational states
(v = 0 - 3) of HCl (Figure 6) from cross section measurements at different gas
temperatures by Allan and Wong |50}. The population density of the rotational
states was assumed to be a Boltzmann distribution at T = 300 K. These data
show that the attachment rate can be increased drastically using vibrational
excitation, but this advantage disappears in HCl if the electron energy is
larger than 0.5 eV. For switching application, one should look for molecules
having their maximum attachment cross section in the ground state at a
somewhat higher energy, depending on the E/N-range considered for the conduc-
tion phase of the switch.

For application in diffuse discharges, one also must consider that
vibrational excitation also will result from electron collisions. As the dis-
charge is considered to be cold, mainly collisions with molecules in the
ground state occur. This is true for electrons as well as for excited mole-
cules, which makes the excited state with the lowest energy the only excited
species at considerable densities. Thug, an external control wmechanism will
work efficiently only if the significant increase of the attachment cross
section in the considered electron energy range occurs for states (v > 1) for
two atomic molecules, or for larger molecules for states with energies well
above that of the lowest lying excited state. Some possible mechanisms to
produce molecules in vibrationally excited states which are not strongly
created in a cold discharge are listed in Table V.

(1) Optical vibrational excitation of higher lying states can be
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accomplished through vibration-vibration energy transfer, through overtone

excitation or excitation of combination states, and through multi-photon
excitation. Such mechanisms can be found as excitation mechanisms of numerous
optically pumped IR lasers. Examples are lasers, optically pumped with a COy
laser, in molecules such as CF4,, NOCl, CF3I, and NH3 {52]. To date, experi-
ments have failed to demonstrate a significant increase of the attachment rate
in an electron beam sustained discharge after irradiation with a pulsed COjp
laser }43). However, small increases of the resistivity (~ 2%) of an exter-
nally sustained low current DC discharge containing CyH3F have been found
after irradiation with a chopped low power (~ 5 Wem=2) cW COy laser |53].

(2) Single-~ and multi-photon dissociation of large molecules also has
been shown to produce molecules in vibrationally excited states and also is
used as an excitation mechanism for molecular gas lasers. Sirkin and Pimentel
|54} demonstrated that photoelimination of HF from CHyCFy, CHoCHF, and other
fluorinated hydrocarbons using an UV-flashlamp, would generate a significant
fraction of the HF molecules in states v > 1. With chlorinated hydrocarbons,
equivalent HCl molecules are produced [55f. Some of these processes have
significant cross sections at the wavelength of the ArF-laser at 193 nm.
Ro.ssi, Helm, and Lorents [42] performed drift tube experiments to demonstrate
the feasibility of these processes for controlling the electron balance.
Figure 7 shows their experimental results. In a 100 torr mixture of helium
with 100 mtorr CpHF3 at low values of E/N (< 3 Td), they obtained an increase
of the attachment rate of up to 103 with an ArF laser at 193 nm. Similar
experiments were performed in CpH3Cl. Schaefer et al. |9 performed measure-
ments in a DC discharge at low values of E/N (1-10 Td), which was externally

sustained by helium plasma injection. In a gas mixture of 60 torr helium and

3% C3H3Cl, pulsed resistance <hanges of a factor of 5.5 were measured after
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irradiating the discharge with a UV spark source through a quartz window.

(3) Electronic excitation can be transferred into vibrational excitation
either through collisions or radiative processes (for a review see Houston,
[56}). Collisional transfer subsequent to optical excitation has, for
example, been used to operate a COyp laser. Petersen, Wittig, and Leone |57]
used the following processes (Brp + hv 3 Br + Br* and consequent Br* + COj 3
Br + CO; + AE), where the dominant excited states of CO; are the (10°l1)- and
(02°1)~state.

Electronic excitation and subsequent radiative transitions into highly
vibrationally excited states have been used by Beterov and Fatayev |58} to

show that vibrational excitation of Iy can increase the attachment rate for

dissociative attachment. Figure 8 depicts the excitation mechanism. The-

radiation from a frequency doubled Nd:YAG laser (XA = 532 nm) was used to
excite the (B)-state. Intense Stokes flourescence indicated a subsequent
transition into highly vibrational excited states of the electronic ground
state. Vibrational relaxation had to provide the population of the optimum
vibrational states, resulting in an increase of the attachment rate by three
or four orders of magnitude. Since the vibrational relaxation required times
in the order of some 10 us, it also was suggested to use a stimulated resonant
Raman process to excite directly the vibrational state with the highest
attachment cross section.

For all proposed processes of optically enhanced attachment, it is very
important to consider the attachment properties of the starting compound. A
real advantage of optically enhanced attachment can be achieved only if the
attachment rate is significantly increased over a wide E/N range. Also, the
stabllity ot the starting compound with respect to collisional processes in

the ¢~beam sustained discharge must be investigated. At this time, UV

- .~

o

ORI ._'.-'~ DR T PRSI e, « S R D . et e ST T e T, A e I R RS S,
PSSR Sy D Sl AT P I YL - S S B A ! [ U U S S SR S U U DN AL U2 DA L GPUIL S, UV WP WS Dl T, TP DOP G Qo W &Y

)

L/

ar

£7172 782
N i 2
L ]

X 1A

e L.

o
-

.[._‘... }

af NE AR

PR

£

-

. u,n‘

Pl

Ui}
3«

. .,
A

BT KRR

N

ll




photodissociation of molecules generating attaching fragments looks most .
promising. p
®
V. ELECTRON-BEAM CONTROL OF DIFFUSE DISCHARGES

A. Electron Beam Considerations o
Electror beams are the most commonly used ionization sources for exter-

nally sustained diffuse discharges. Typically, beam energies are in the

100-300 keV range with current densities up to several ‘A/cm?2. In order to e

generate the e-beam, 1t is necessary to have the electrodes in a vacuum of

¢ 10~3 Torr for cold cathode operation and < 10=7 Torr for thermionic cath- .

odes. ._._
The electron generation mechanism at cold cathodes is usually field

emission. With field-emitting cathodes, current densities of several hundred

Afcn? can be obtained 159} at the expense, however, of limited pulse duration o

due to "diode closure'" |60). Diode closure is caused by plasma formation at

the cathode. The plasma moves with velocities of 2-5 106 cm/s toward the

anode and "closes" the diode gap in typically 2-5 us. on
Another cold cathode used for electron generation in e-beam controlled

diffuse discharges is the wire-ion-plasma (WIP) electron gun [61-63]. The WIP

gun cavity is filled with helium, typically at 10-20 mTorr. A positive pulse ¢ ”

applied to the wire anode ionizes the helium in the plasma chamber. Helium

ions are extracted and accelerated by the DC high voltage applied to the

e-beam cathode. On helium impact, electrons are emitted from the cathode and ¢

accelerated by a high voltage. The e-beam current obtained in this device is .:‘-

typically 10 A over a cross section of 100 em2, .;
Thermionic emitters offer the advantage of decoupling electron generation . :"
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and electron acceleration with (in principle) unlimited pulse' length. The
k generation of pulse trains is possible by using a triode or tetrode configura-
tion. In a tetrode with thoriated tungsten electrodes, current densities of
up to 4 Afcm? were obtained |64]. With dispenser type thermionic cathodes,
L values of 300 A/cm? were reached [65,66].

The interface between electron gun and switch chamber is generally a thin
(20 to 50 um) foil backed by a support structure. The foil material should
i have low electron stopping power, and good thermal and mechanical properties.
In Table 1, properties of different foil materials are listed (Eninger, 1981).
A severe constraint for long e~beam pulses and/or repetitive operation is foil
b heating. In order to avoid structural fractures, the foil temperature must be

limited. A foil heating analysis has been performed by Daugherty [67].

B. Design of 2n e-Beam Controlled Diffuse Discharge Switch

Because of the limited conduction time of an e-beam sustained discharge

due to the development of instabilities and the time constraints of the e-beam ‘ .:
source, it is proposed to use it as the main switch in a two-~loop inductive E__E:
energy storage circuit |9}, Figure 9 shows the schematic circuit with the RS
charging loop and the discharge loop having only the inductor in common. The :.\._
inductor is charged through the initially closed switch A. The e-beam is __\:
turned on when the current through the inductor has reached its maximum steady Bk
state value, Switch A now can open the charging circuit at relatively low
switch voltage and commutate the current into the e-beam controlled discharge. :--:
If switch gases with low losses at low E/N are used, the efficiency of this
commutation can be very high. Once the current is transferred into the ::'
diffuse discharge switch, the circult can generate either a single pulse by EE._-

closing switch B and simultaneously opening the diffuse discharge, or a pulse
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train by repetitively closing and opening the diffuse discharge with switch B
closed. 1In order to prevent loss currents in the load when the diffuse
discharge is conducting (if the load impedance is comparable to diffuse
discharge impedance), switch A could be replaced by a second e-beam controlled
switch which opens and closes in a counter mode to the first switch.

The following design criteria for the e-beam sustained switch in such a

.clrcuit are based on a group report in the workshop proceedings on "Diffuse

Discharge Opening Switches” {68]. For an efficient switch, the major electron
loss in the conduction state will occur through recombina;ion. Attachment is
important only in onset and cutoff, steepening the current pulse. In steady
state the electron density is well described by Equation (4) with k, being
neglected. The conductivity therefore is given by Equation (7) with Equa-
tion (14):

dw

—.J v

o = en dx B with u = < . (11)
eW E
i 8

vq is the electron drift velocity, E; is the electric field intensity in the
diffuse discharge, Jg is the e-beam current density, dW/dx is the spatial rate
of e-beam energy loss in the gas [69,70}), and eW; is the beam ionization
energy of the gas |71].

In order to avoid glow-to-arc transition, the temperature in a molecular
gas should not exceed T, = 500 K. Assuming that any increase in gas tempera-

ture AT is caused by Joule heating, leads to the relation:

Jzt

pc AT = —— (12)
v o

P A
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p being the gas density, c, the specific heat, and t the conduction time.

This relation allows estimation of an upper limit for the current density:

pc o
Jmax = (To - Ti) ' (13)

T

where Ty is the initial temperature.
For a given total current I, this determines the switch diameter. The

discharge gap length d is determined by the required switch holdoff voltage

d = . (14)

Ecrit

Critical field stremgths E. iy are in the order of 6-12 kV/cm at a pressure of
1 atm.

Calculations along this line were performed for a switch which carries
10 kA for a time of 50 us to charge a capacitor of 400 nF to a voltage of
250 kv |68]. A switch gas pressure of 10 atm in 90% CH; and 10% Ar was
assumed. The standoff capability of this mixture is E . y¢ = 5 kV/cm at 1 atm.
For a holdoff voltage of 250 kV, the gap length d must be at least 5 cm at a
pressure of 10 atm. With an assumed e-beam current density of Jp = 140 mA/cm?
and an e-beam energy of 200 keV after passing the foil which separates e-beam
gun and diffuse discharge switch, the discharge conductivity is ¢ = 2,1-10"2
(Q em) =1 (equation 11). The maximum current density is according to equation
(13) Jpax & 19 A/cm?. For a total current of 10 kA, the switch area must be
531 cm?.

Using these data, the efficlency of the switch can be calculated. The
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X mean power transferred into the capacitor is Pcap = 250 MW. The Joule losses
d in the diffuse discharge are Pjjq = 45 MW. The e-beam power dissipated in the
; switch 1s 15 MW. Allowing, conservatively, structure and foil e-beam losses to
{ be 30%, the total required e-beam power is P, % 22 MW. The efficiency is

then given as

Pca
u = 2 : (15)
Pcap + Peb * Pdis

which is about 80% for this diffuse discharge switch.

C. Experimental Results

A summary of relevant experiments on e-beam controlled switches is given .
in Table 3. Listed are e-beam and switch parameters. The values for current
éain and opening time are mostly approximate values which serve to define the
range of operation for the respective experiment.

Early experiments on diffuse discharge switches were performed by Hunter
2] and Koval'chuk and Mesyats {4]. They used cold cathode e-beam emitters
derived from laser experiments. With large e-beam current density, they
achieved fast rise times and could afford to work with added attachers to get
fast opening, at the expense of power gain. They did not use specially
designed gases, however. Hunter |2] recognized the importance of having a gas
: with a high electron drift velocity and therefore chose methane. Methane has
. an electron drift velocity peaking at more than 107 cm/s at about 3 Td.

In later publications, several gas mixtures with optimized properties
have been proposed for diffuse discharge opening switches {7,15,72-74/.
Figure 10 shows electron attachment rate constants for several attachers in Ar

and CHy as buffer gas |[74]. These gas mixtures exhibit also a negative
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differential drift velocity region over a wide range of fractional concentra- ::::":’
tions of the attaching gas in the buffer gas as shown in Figure 11 for CyFg in ::.".
1. Ar and CHy4, respectively. Consequently, the current density-reduced field :‘.
strength (J-E/N) characteristics of e-~beam sustained discharges in gas ?:E‘_:
combinations of this type 2xhibit a pronounced negative differential conduc- '
o .
tivity range {75,76]. _:‘..:
Another gas combination which was proposed as switch gas for e-beam ,_.
sustained diffuse discharge opening switches is N0 in N3 as buffer gas [7]. -’
The gas mixture exhibits an E/N dependent electron decay rate which increases -j-
by more than a factor of 20 in the E/N range from 3-15 Td {77]. ‘_-
° Work done at Wright-Patterson [18-21)}, at Hughes Laboratories {63), and i‘:::
at Westinghouse Laboratories [78] has concentrated on high gain systems with ;'_'_j-‘.;
opening t¢imes in the microsecond range. At Wright-Patterson [18-21], special :
® consideration was given to the cathode region and its influence on the ’
discharge characteristic. Work at the Naval Research Lab [ 79-83] and at Texas
2 Y
Tech University [68,84-87}) deals with repetitive or burst mode opening switch .::_i:
® operation. Both groups concentrate on switches with opening times in the N
submicrosecond range, but try to achieve reasonable current gains (> 100) by ::‘
using suitable gas mixtures. At Texas Tech University, the interaction of ~::
® discharge and circuit has been investigated for discharges with a strong -
negative differential conductivity such as in mixtures of Ar and C;,Fg.
Figure 12 shows such a characteristic and demonstrates that the maximum ::_
current cannot be utilized in the burst mode in a high impedance system if the L
pulse separation is shorter than the discharge time of the inductor [87]. E__\‘
Opening switch experiments in discharge circuits including inductors have :::‘:_
v

demonstrated the use of electron beam controlled diffuse discharges for the

generation of high voltage pulses. For an experiment performed at Wright-
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Patterson [88,89], a capacitor discharge current of up to 135 A was commutated
into an inductive load after opening of the e-beam controlled switch. A short
(us) voltage pulse was generated, with its peak voltage exceeding the static
breakdown voltage of the e-beam controlled discharge by more than 50% with a

CH4/C9Fg gas mixture. An experiment performed as NRL |81] used an e-beam

o
controlled diffuse discharge as the switch element in an inductive energy '_‘_..
storage circuit. The storage inductor (1.5 uH) was energized by a capacitor
charged to 26 kV. Upon termination of the ionizing e-beam, the 10 kA dis- ®

charge was interrupted, thereby generating a 280 kV, 60 ns voltage pulse
across an open circuit (Figure 13). The gas mixture in the e-beam controlled
switch was CH;4/CoFg at 5 atm. The current gain was about 10.

The experimental results demonstrate that diffuse discharge switches are
suitable for the generation of high power pulses. In order to improve the
efficiency of these switches (low losses during conduction at high current .‘.
gain) and to minimize the opening time, it is important to utilize electron-
molecule interactions in gas mixtures. Using "gas engineering" as a means to
design switch gases should lead to improved switch performance, with current e i

gain on the order of one hundred at opening times of less than 100 ns.
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FIGURE CAPTIONS

Schematic of an externally controlled opening switch as part of an
inductive energy storage system,

Measured and predicted e-beam switch waveforms in methane [2,12].

Calculated steady state E/N-j characteristics for an e-beam sustained
discharge in Ny with an N9O fraction of 1%. The variable parameter
is the electron generation rate [9].

Time dependence of E/N (top) and current density (bottom) of an
e-beam sustained discharge in 1 atm Ny with admixtures of N,0. The
e-beam is on for 0 € t < 100 ns. The variable parameter is the Nj0
fraction in % |9]. :

Time dependence of E/N (top) and current density (bottom) of an
e-beam sustained, laser photodetachment assisted discharge in 1 atm
Ny with an Ny0 fraction of 1%. The e-beam and laser are on for 0 S t
€ 100 ns. The variable parameter is the laser power density [9].

Theoretical cross section for e + HCl 9 H+4Cl™, depending on electron
energy for the vibrational states (v=0-3), assuming a Boltzmann
distribution over rotational states at T=300 K |33}).

Attachment coefficient for trifluorocethylene. The solid dots give
the values for the unexcited sample (200 mTorr of C,F3H in 200 Torr
helium). The open circles represent the data for the excited sample
(100 mTorr of CyF3H in 100 Torr helium). The attachment coefficients

are expressed in terms of the unexcited trifluorethylene pressure
L42).

Some potential curves for I and I7 and the scheme of excitation of
vibrational levels [58].

Schematic circuit for an e-beam sustained discharge switch in an
inductive energy storage system {9].

Total electron attachment rate constants as a function of the mean
electron energy <e> for several perfluoroalkanes and perfluoroethers

measured in buffer gases of Nj and Ar {73]).

Electron drift velocity w versus E/N for several (a) CyFg/Ar and (b)
CyoFg/CHy gas mixtures 17314.

Load lines and current density j versus reduced electric field
strength E/N obtained with different load lines |[87}.

System current, e-beam current, and switch voltage for an e~beam
controlled switch using 5 atm of CH, with 1% CpFg [81].
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Table 1

Photoenhanced Electron Attachment

(1) VIBRATIONAL EXCITATION
(a) Single-Photon Excitation plus Energy Transfer
(b) Overtone and Combination Band Excitation
(c) Multi-Photon Excitation

(2) PHOTODISSOCIATION
(a) Single-Photon - UV
(b) Multi-Photon - IR

(3) ELECTRONIC EXCITATION
(a) E 9 V,R Collisions
(b) E ® V,R Transitions, Radiative
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Table 2

Properties of Foil Material Candidates |59)

FOIL MATERIAL | ADVANTAGE }

DISADVANTAGE

|
Beryllium | Very Low Z

| High Conductivity

Highly Toxic

Available only in Small 2
Pieces, Expensive (~ $50/1in")

High 2

Composite
E.G. Cu or Al CLAD Ti

Combines High Strength

{
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
[
|
{
]
|
with High Conductivity |
|

Difficulty to Fabricate in
Uniform Layers with Good

1
I
Kapton | Low 2 Very Low Conductivity
| Disintegrates from Electron
| Radiation
|
Aluminum | Relatively Low Z Low Strength at T > 200° C
| High Conductivity
I
Titanium { High Strength Low Conductivity
(Pure and Alloy) | Relatively High 2
!
Steel | High Strength Low Conductivity
| High 2
— - -—- _—
Inconel 718 | Very High Strength - Low Conductivity
|
]
|
|
|

Bonding
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Appendix B S Tsxe PuLsed Powice ConFoRen
®
EXTERNAL CONTROL OF DIFFUSE DISCHARGE SwITCHES
G. Scheefer and K. H. Scnoenbach

i Texas Tech University, Cepartment of Zlectrice) Engineering
Lubdock, Texas 79409

Steady State Conditions

Abstrazt: Electron-beam sustained diffuse discharges
have zitrected corsiderable interest as submicrasacond
opening switches for inductive energy storage systems.
Opening is accomplished through turning off thne
ionizing e-beam. In order to increase the switc

) efficiency (switch current/e-beam current}) at high
ho'ld-cff voitages and to reduce the opening time
attachars ere used with 2 high attachment rate at high
vaiues of E/N and 2 low attachment rate at low values
of £/N. Tnese attachers will decrease the net source
term end will obstruct the closing phase. Additional
contrcl through photodetachment and opticaelly enhenced
attachnent will also allow to optimize the closing

In the closed phase the switch is supoeosed to
have a resistivity as low as possible at a low
voltage drop acress the switch and consequently at a
Tow value of £/N. This requires a high electron
mobility and an electron depletion rate as low as
possible at low values of £/N. Recombination can
nct be controlled significantly except by keeping
the electron density low, but any further losses
such as attachment have to be avoided. In the
opening phase the switch has to withstand a .igh
voltege. This means that sirong electron losses
must occur at very low electron densities at high

o phase. T:e\re'su;‘Ts of modf} c:ﬂcu]an?ns a:d . . values of E/N. This can be accomplished by an
gfpfr1m§2 al siudies on various contro: mecnanisms ere attacher with a high attachment rate at high values
15cusses. of £/N. The mobility of the electrcns in the high

E/N renge is of minor importance since the electron
density approaches zero. A decreasing mopility with
increasing E/N, however, will improve the transition
into the hign E/N range. The two steady state
phases therefore require an E/N dependence of the
mobility and attechment rate as shown in figure 2a

{1,23.

Introduction

In recent vee-s there hes bean an increasing
interest in tne cevalcoment of fast, repetitive,

[ opening switches which would allow the use of
induct’ve enercy storage in repetitively operated
pulse:z pomer sysieTs. Opening sailgh concepts that
show promice for fast repetitive cperation are based
on the externel conirel of tne electron generetion and
cepletion reznenisms in a diffuse cischarge. Such J
contrg) meznarisme can be the sustainment by electren
beams and rad-elion scurces, optical control of tne

® electron d:ipletion mechenisms, or external magnets

field <c ccniroi the internal ionization processes.

This japer gives an overview of the mentionea control

mechenisms ancd <9scusses the reguirements for the

cptimizaticn of such systems.

e e e

(a}

SOURCE FUNCTION

txte-relly Sustained Discharges

TIME
o An externzlly sustained discharge switch makes
yse of the ei=ctrons groduced by an extiernal source
(electron-beam, UV raciation, or x-reys). The voitege
acress tne gas ¢ischarge is always kept well below the
value required for internal icnizatien. Figure 1
shcwas the gene-al time dependence of some of the
impor:ant ¢ischarge guantities throuch one full switch
cycle, assuming that the time dependent source
® funcion has a trapezoidel shepe with a steep rise and
fail “igc. 1la). Tne electron density (Fig. 1b}, and
consecuently the current density will initially be
Zerp eng the switch s open. A constant source
funciion S will then increiate the eleciron density in
tne c?csi:g pna2se yntil it apprpecnes a new ctealy
state ccnaiiion given by the balance of the eleciron
generation and depletion mechenisrs, In this state
‘. the cJrrent gensity reaches 1ts maximum and the switch
15 ¢l2sed.  When tre source is turnec off the electron
depTolion mechanism will cause 4 decrease of the
elecircn density and consequently of the current -

ELECTRON DENSITY

(s7ere leiooms
]

crEN | prasE PHASE

i

!
OPENING S

!

|

REDUCED  FIELD STRENGHT

j density in the no2ning phase unt1] the initial state rive
‘ wiln 2D0roxiTatley ers electron density 1S reached
agair. Since tnis device 1s operated 1n an inductive
| energy storage system the voltage and the reduced Fig. 1. Schematic time dependence of the electron
Y field strength E/N wiil drop to a lomer value when the  Sturce (al, electron density (b}, and recuced electric
switch is conducting end will ingcrease when the field strenath [c) in an exteras)ly sustarnes g:ffuse

conduztion is reduced (5. Figure lc). discharge for switching applications.
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Although one never intends to operate the switch
as an externally sustained discharge at high values of
E/N one can calculate and measure the steady state
resistivity and (J-E/N) characteristic for the full
E/N range as shown in Figure 2b and c. The part of
the discharge characteristic at high values of E/N has
important consequences on the opening and closing
phases as discussed iater.

The required attachment characteristics can cause
undesired losses if an electron beam is used as a
discharge sustainment source. An attachment rate as
shown in Figure 2a is given if the attachment cross
section has its maximum above, but close to the energy
range of the electron energy distribution function at
the low value of the reduced field strergth in the
closed phase (E/N)., as shown in Figure 3. Since
there is no overlap of the electron energy
distribution function with the attachment cross
section no attachment will occur. When E/N is
increased, the electron energy distribution function
is shifted towards higher energies and the attachment
rate increases.

The initial secondary electrons produced by the
high energy electron beam have an energy distribution
over a wide energy range as shown in Figure 3 [3], and
cnly a small fraction is produced in the energy range
of the steady state electron energy distribution. A
significant fraction {approximately 80% for the
attacher K20 in a Np buffer gas) is generated above
the energy range of the attachment cross section.
These electrons will during their relaxation move
through the energy range where attachmert can occur.
The probability for attachment of these electrons will
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Fig. 2. Schematic E/N dependence of attachment rate
and electron mobility (a), resistivity (b), and
current density (¢) in an externally sustained diffuse
discharge for switzhing applications.
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(3) SECCNDARY ELECTRON
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Fig. 3. Schematic electron energy dependence of the
steady state electron energy distributicons at low E/N,
the attachment cross section, and the distribution
function of the initial seconcary electrons in an
electron beam sustained discharge.
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then depend on their velocity in energy space in the
energy range where attachment is dominant. Figure 4
shows the calculated average velocity of the electrons
in energy space, dE/dt, durini relaxation in Ny for

initial energies of 100 eV [4 This velocity is very
high (> 103 eV/ns) 1in energy ranges with strong
inelastic cross section but significantly lower (10
eV/ns) in the 3-7 eV range where N has no significant
inelastic cross sections. Attachment of the initial
secondary electrons in a Nz buffer gas will therefore
be significant if the attacher has its maximum cross
section in the 3-7 eV range (example S0,
approximately 10% are attached with 2% %02 in Np) and
much less significant if the maximum cross section is
below 3 eV but above the steady state distribution
(example Np0) [4]. Attachment of the initial
secondary electrons has therefore to be considered
using a correction factor in the source function, and
these losses can be minimized by using an appropriate
mixture of an attacher with a buffer gas as discussed
above.

Opening and Closing Phases

The opening phase starts when the electron source
is turned off. Since the opening phase starts at the
(E/N)c value of the closed state, the electron
depletion rate and consequently the rise of E/N will
initially be slow until the system reaches the E/N
regime where attachment dominates the electron losses.
Since the performance of an inductive energy storage
system strongly depends on the rise of the switch
resistance di/dt the attachment rate should have a
steep rise with £/N (dashed line in Figure 2a2). Such
a gas mixture will cause a negative differential
conductivity (d(E/N)/dJ) in an intermediate E/N range
as shown in Figure 2c. Such a characteristic,
however, can cause problems for the closing phase.
Figure 5 shows the measured V-I characteristic of an
electron beam sustained discharge in a mixture of 1
atm Ar and 2% Cofg [5]. The optimum operation
condition for the switch in the closed phase is at the
maximum current in the low resistance regime at low
values of E/N as indicated in condition (I). The
suitable open condition (I1) is given by a voltage of
approximately 20 kV (at 1 atm and 1 c¢m discharge
length), well below the hold-off voltage. In a good
approximation an inuuctive energy storage system can
be considered as having a transmission line
characteristic. This means that the system will move
on a straight line. When the source is turned on the
system will therefore only approach condition (III)
in Figure 5 with a lower current density and strong
losses (high value of E/N) [6]). To avoid this
problem different approaches can be taken. One
approach is to compromise with respect to the closing
and opening phase using a gas mixture with a less
steep increase of the attachment rate with E/N
resulting in a weak negative differential conductivity
isolid lines in Figure 2). A second possibility is to
tailor the time dependence of the source function [6].
An electron beam with an increased current density in
the beginning of the e-beam pulse will shift tne J-E/N
characteristic towards higher J-values for a short
time to allow the system to reach the low E/N value ¢
(1), before it approaches its steady state condition.
Other solutions are to use additional external contro)
mechanisms which alter thes attachment properties of
the gas mixture in a specific switch period.

Optical Control Mechanisms

Optical control of diffuse discharges for
switching applications, especially for opening
switches, is a very recent research field. Besides

papers on concepts [7,8), model calculatiors on
certain proposed systems [6]), and numercus papers on
basic processes suitable for switching applications,
there are no results on operational switching
devices available. Especially laser are attractive
light sources allowing the generation of high power
densities, precise illumination of the cischarge
volume, and precise timing. Due to the high costs
of laser photons, however, especially if high photon
energies are required, it seems to be inefficient at
this time to use lasers for sustainment. Optical
discharge control for switching application is
therefore considered only as an additional control
for a specific phase of the switch cycle, where
other means do not allow the aoptimization of the
discharge properties.

As discussed it is possible to optimize the
operation conditions of an electron beam Sustained
diffuse discharge switch with respect to the steady
state phases and the opening phase through tailoring
the E/N dependance of the attachment rate
coefficients, but this optimization causes problems
with respect to the closing phase. Concepts on
additional optical control, therefore, concentrate
on attachment and its control in one of the
transition phases. In principle, there are two
different methods of optical control of attachment:
to use photodetachment to overcome attachment, or to
use optically induced attachment in gases which
otherwise do not have a strong attachment rate in
the E/N range of interest.

Photodetachment can be used as a method to
overcome attacnhment in a well defined discharge
period. A negative ion considered for ’
photodetachment as a control mechanisms is 0- {7].
Several mesecules, such as 0z, NO, N0, NOz, CO2,
and S0p, ‘underge dissociative attachment producing
0-. In all gases or gas mixtures with these gases,
however, competitive attachment processes exist or
subsequent reactions of 0~ will occur, producing
molecular negative ions, which in general have lower
cross sections for photodetachment. -

Photodetachment experiments in low pressure 02
discharges and flowing afterglows showed that, for
example, a fraction of 50% of the negative ions
could be detacned with laser pulses with a energy
flux of 35 mJ/cmC at 565 nm [7]. For attachers with
a high attachment rate at high values of £/N and low
or zero attachment rate at low values of E/N (s.
Figure 2) photodetachment may be a suitable process
to support a transition from a highly attaching
state into a non-attaching state of an externally
sustained discharge [6].

Optically enhanced attachment means to use a
gas mixiure with an additive of molecules, which in
their initial state are very weak attachers, and to
transfer these molecules through optical excitation
and may be some subseguent spontaneous transitions
into species which act as strong attachers.
Optically enhanced attachment is a control mechanism
considered for controlling the opening phase of
diffuse discharge opening switches. Some attachers
show a drastically increased attachment cross
section if excited into vibrational states. Ffor HC)
[9] and 1, [10] for example the attachment
enhancemert factor through excitation can be larger
than 103. There are many ways to create attachers
excited into vibrational states. Only two optical
method are mentioned here, which have been used
before for the pumping lasers operating between
vibrational states:

(1) Optical vibrational excitation of higher
lying states can be accomplished through overtone
excitation or excitation of combination states, and




through multi-photon excitation. Such mechanisms can
be found in numerous excitation mechanisms of
optically pumped IR lasers. Some examples are lasers
operating in gases such as CFg, NOC1, CF3l, and NH3,
pumped by a €0y laser [11].

(2) Photodissociation of large molecules has
shown to produce molecules in vibraticnally excited
states and is also used as excitation mechanism for
molecular gas lasers. Examples are HF lasers pumped
by photoelimination of HF from CHpCF2 and CH,CHF,
using a UV-flashlamp [12]. Some of these processes
have significant cross sections at the wavelength of
the Arf-laser at 193 nm. Rossi et al. [8],
nerformend a drift tube experiment to demonstrate the
feasibility of these processes for controlling the
electron balance in a discharge. In 100 torr Helium
with 100 mtorr CoH F3 at low values of E/N (< 3 Td),
they obtained an increase of the attachment rate of up
to 103 with an ArF laser. Similiar experiments were
performed in CoH3C1. Schaefer et al. [13], performed
measurements in a dc glow discharge at low values of
E/N (0.5-5 Td), which was externally sustained by a
Helium plasma injection. In a gas mixture of 60 Torr
Helium and 3% CoH3 C1, pulsed resistance changes of a
factor of 3.5 were measured after irradiating the
discharge with a UV spark source.

Summary

Externally sustained diffuse discharges are
promising candidates for fast, repetitive, opening
switches. Low losses in the conductior phase, fast
opening, and high hold-off volitages can be
accomplished by using attachers with a high attachment
rate at nigh values of E/N and a low attachment rate
at low values of E/N. The optimization of the closing
phase requires additional control mechanisms.

Possible processes are photodetachment and opticelly
enhanced attachment.
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AN E-BEAM CONTROLLED DIFFUSE DISCHARGE SWITCH
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abstract: The control efficiency and the response
time cr elecircn-beanm ccntrolled diffuse discharges
is t0 a large exten: determined by atomic and mole-
cular prope-ties of tne switch ges composition. An
e-heam tetrode was used to study switch gas
oroperties for submicrosecond opening switches.
Ilectrical measurements were performed with various
switch gas mixtures ccntaining small  amounts of
alectronegative gases, Of particular interest were
mixturas of N20:Nz ang CoFg:Ar. In both gas mixtures
the resistivity increases with electric fieid
strength. This effect is particularly strong in a
mixture of 2% C2Fg in 1 atm Ar, wnere an increase of
25 was ottained n a recduced f1e1d strength range of
1 7d < /N ¢ 20 Td. The current decay times or
opening times with this mixture were below 100 ns.
Jptical time resolved investigations of discharges in
CoF5:A= showed the occurence of striations which were
perpendicula- to the discharge axis. These luminous
Jayers in the discharge can be explained as domain
formations simiiar to ‘those observed in direct
semiconcucters as e.g. the Gunn-effect in GeAs.

introduction

Slectron-beam controlled diffuse discharges can
e used as fast, renetetively operated closing and
ccening twitcnes. The concept is as fallcws: The gas
seta2en tne 2lectirodes conducts when tne ignizing e-
bean is injected and the switch closes. The switch
voitage remains beiow the self-drezkdown voltage, S0
that avalencne ionizetion is negi:gible, Thus the
discnarce is csmoletely sus.a-ned by the e -beam. When
tne a-beam is turned of electron attacnment and
~ecombination processes in the gas cause the conduc-
tivity t0 decrease and tne switch opens.

in orcer to acnieve coening times of less than 2
nic-osecond at initial electron densities of na <
1014 zm-3, the dominant loss must be attachment. That
ns that the switcn cas Tixture must contain an
:.ronecet‘»e cas whicn, however, iowers the effi-
n

Tea
ie
iency ¢ tne switcn. It causes a reduction of the
ent gain [switch current/e-beam current) propor-
nal %0 the ogening time, If tne switch is part of
an inductive =2nm2rgy circuit, both high current gain
and fast opening can be obtained by choosing gas
mixtires wnich saticfies tne conditions [1,2,3):
3} For ‘ow vilues of the reducec ‘ield strength E/N
{conguction ,nase) the gas mixture snould nave a hign
grift veiocity vgq ang low attachment rale k,.
b) For nign E/M vaiues {cpening phase) the gas mix-
ture c¢aguld have ‘ower drift velocities and high
attachment rate coefficients.

e
-
~
.
4

i
dre
°3

Crparimentil Setup

For tne investigaticn of e-beam controllea
corductivity in 4 nign pressure gas mixture with
sroperties as discussed adove, a gischarge system was
consiructed with an e-bean tetrode as control element
{4, & schematic cross-secticn of the tetroce and the
drscharge cnamzer is snown in Fig. 1. The e-bean
catncde 1s lccated in the “yrex cylinder between the
*wo plates of 3 stripline and consists of an

electrically heated array of thoriated tungsten fila-
ments. At a filament temperature of 2100 K, the e-
beam current density is about 4 A/cmé over the 100
cmé cross-sectional area of the beam, The temporal
structure of the e-beam is controlled by means of a
control grid which allows the generation of a pulse
train with pulse duration and pulse separation in the
100 ns time range. For some investigations the e-
beam was operated as a cold cathode system, which
provided e-beam current pulses of 15 A with a pulse
duration of~400 ns.

PFN
CURRENT CONNECTION
SENSOR
\ -
%J = i
DISCHARGE ;
| =g
P
: i
i H

e
/ \ ANODE Icmo
E-BEAM '“°°5
PULSER

\ . | !C] -
i SLN d
CURRENT VACUUNM
SENSOR PUNP

Fig. 1. Cross Section cf £-Beam Tetroce énd Switch

Chamber.

The e-beam vcltage is 2pplied to the zinode by a
two-stage Marx generatcr, wnich aelivers a maximum
voltage of 250 kv with a 5 ns risetime 3nd with an
expcnental decay time constant of about 2.5 micro-
seconds 1nto a 300 Ohm load. After passing throuch a
25 um titanium foil ang a 12.5 .m aluminum ‘oil,
which serves as an elecirpge in the diffuse agischarge
switch, the e-bean gene-ates a d:iffuse plasma
betwean the electrodes in tne stainiess steel
discharge chamber. The current through the piasma is
provided by a 2 Ohm pulse forming network.

“Yeasyrements of the e-beam current and the
switch current were performed by means of
transmission line current transformers [S]. Voltages
were measured with fast resistive voltage divicers,
In orcer to get information cn the spatial stiructure
of the discharge an image converter camera was Duilt
{61 using an [TT image converter diode <ype F41C9,
The camera has a high sensitivity of 225 «A//m and a
high spatial resolution of 45 [p/mm. The snutter
time was about 10 ns.
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Experimental Results

Diffuse discharge experiments were performed in
N20, SOz, and CQ0z w«ith Ny as buffer gas, and C3fg in
Ar. The source term, the number of electrons produced
per cm3 second, was in the range of 1020 cm-3s-1 to
1021 cm=3s-1, ‘The voltage applied at the PFN was
varied between 100 Volts and 20 kV. The switch elec-
trode gap was kept constant at 3.5 cm. Most of the
measurements were performed with the Np0:Nz gas mix-
ture. This gas combination was for one expected to
satisfy the conditions for switch gases nicely (see
introduction) and secondly it allowed modeling of the
diffuse discharge [7], since a complete set of cross
sections is available for Nz [8] and the plasma
chemistry in a mixture of Nz and Np0 appeared to be
relatively simple.

Figure 2 snows the influence of the attacher ¢
concentration (N20) on the opening time. For high N0
concentrations (3 %) the switch current replicates the
e-beam current, except for the tail. The tail is
caused by the current carried by positive and negative
ions. The current gain is about 2 for this attacher
concentration. For concentrations of .7 % the fall
time (l/e -time) increases to aoproximately 100 ns,
For .1 % it is in the order of 500 ns. The gain
increases to values of 9 and 12, respectively.

i —— 0.1%N,0

. i —— 0T

N HRN
= g’ \ — 3%
5 1\ ]
w 1 \
c h| \
s P .
o | \ .

[ r
\‘.
P/
/
/
/
i
!

TIME (200 na/civ)

Fig. 2 Normalized Switch Current for Different
Attacner C(Concentrations. Jemonstrating the
Strong £€¢ect of the Attacher on the Current

Jecay (Opening Time).
Figure 3 shows the experimentally obtained
current density (j) values (dots) versus reduced

field strength E/N for the e-beam sustained discharge
urder steacdy state conditicns in 1 atm No» with .7%
N23. The curve represents caiculated valuyes (9]
which w~ere criticaily depending on available attacn-
ment rate coefficients or cross sections [10,11,12].
The gooc coincidence between mode! and experiment was
cbtained with attachment cross sections measured by
Chantry [i2].
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Fig. 3. Current Density j versus Reduced Field

L

'~

Strength E/N for
(Calculated Curve
Points).

a Discharge

in N20:N2
and Experimental

Data

In Fig. 4 the experimental and theoretical data
are plotted in a resistivity F? versus E/N diagram,
The desired opening switch effect,

) an increase in
resistivity with increasing electric field, is
obtained with the N20:Np gas mixture. However, the@

increase

is moderate: about 2.5 over a field
strength .

9 $=3x1027 cm=3s-l

E 1
v
z -
g J
N ]
. 4
= -
z 4
=
2 -
@ 4
w
=4 -
o . . .
e s 10 1% 2 2=
RESUTED FIELD STRINGTA E/N L Te )
Fig. 4. Discharge Resistivity P, versus E/N for a

Discharge in N20:N7 (Calculated Curve and
Experimental Data Points.)

range of 25 Td. The strong deviation of the lowest
experimental value from the computed curve is
prodably due to the fact that the cathode fall was
not included in our model. Gas combinations of SO»
and C0p with Nz as buffer gas showed even smaller
changes in resistivity at comparable opening times.

A group of very promising gases, what the
ooening switch congitions concerns (see
introducticn), were proposed by Chrictophourou et.
al., [3]. The total attacnment rate constant k, is
plotted versys mean electron energy ¢ in Fig.S.
Measurements performed with the gas mixture of 2 %
CoFg n 1 atm Ar as buffer gas gave as a result a
very strong increase in resistivity with field
strength (fig.6). Oecay (opening) times for this
mixture were below 100 ns.
relatively stable.

The mixture seems to be
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1 Atm. Argcn + 2% Cz
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. . . negative charges with increased mass, above a certain

Fig. 5. Gases with Strong In_crease of Attachment elgctron energy. A similar effect 1s known and widely

‘ Rate Coefficient with Electron £nergy [13]. applied for hign frequency generation and amplifi-

cation in semiconductors, as e.g. GaAs [14]. The

negative differential conductivity in semiconductors

is caused similarly as in diffuse discharges by an

@ increase in the effective mass of the electrons at

1 Atm. Argon + 2X CoFg higner eleciron energies {15]. The presencz of NOC in

[T A p— rrrr—— " semiconductors causes homogeneous material to become

electrically heterogeneous thus causing hign field

dipole domains to form and propagate thrcugh the
semiconductor (Gunn-effect).

The same effect, formation of high field
domains, can be expected in externaily sustainea
o . discherges with gas mixtures such as C;fg in Ar. In

order to prove this, the discharge was optically
recorded by means of an image converter camera with a
shutter time of 10 ns. Figure €a shows side-on
photograohs of the discharce at cifferent times after
| . e-beam turn-on, Fig. 8b the corresponcing snotcometer
curves along the discharge axis. The ¢ischarge was
S biased so that the point of operation was in the NOC-
S 107 0! . o \o? region cf the j-E/N characteristic (Fig. 7). The
pictures show clearly the cevelopment of a highly
luminous layer in the catnode regicn of the
discharge. lIts profile is cdependent on the bias
voltage; for bias points cn the left hand sice of the
current density maximum the discharge eppears
homogeneous.

We consider the region of hign luminosity as a q
.. . . high field domain, a region of -ennanceg energ R
o fig. §. QJiscnerge Res1stxtnty Py versus E/N for a dissipation, similar to tnegcnes abserved 1n semc::\{

Discnarge 1n CaFgiAr. ductors. The reguction n  the wicin of these
structures can be exdlaines by the more than iinear -

- increase in the attacnhment rate coefficent in the

Resrodycadle resulis at an e-beam voltage of 120 kV NDC-regicn. A propagation of the hign fielg comains
were o3tained for 130 shots without changing the gas. in  anode direction could not be observed. The

‘he cur-ent censity (j) versus recuced field reasons ire the snot-to-snot variations ‘n the struc-
strengtn (E/N) curve for th's gas mixture 1§ shown 1n ture which a1d not  ollaw a;ac: t,‘mng' ad ine
L -~ Fig. ‘7. it ‘:sntams a region with very gronounce expected ~elatively slow motion of the laver 'v = 105
neqative dgifferent:al conauctivity (NOC). The effect - 100 cmrs)
~nich  causes OO in exterrally sustained diffuse B oat £ peen £ 5 et
discherces  Iontatning  2ttachers s due to the DFGDGI??I 1??:?90:’:?:2: g?\ t_,:ev:;:on‘ne;dSw\?.O:::\ab::av:‘;: ".\1

increase¢ jeneraticn of negjative ions, that means of an e-neam ccntralled distnarce; however, 1t may .__{

lead ‘o more eppiications for these type of A
discharges. The analogy to tne Gunn effect in GaAs -
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‘ potnts  to  the mitiratisn  of  e-beam  sustained
J1scnartes as hign power, high frequency osctilators
ind amplrfrers, Prei‘minary caltulaticns ingicate

pewer levels of > 10D kW 4t frequencies < 1 GHz.
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Photcmeter Curves of the Discherge Along the
Discnarce Axis.

Surmary

Different gas mixtures were tested far their use
sases n giffyse ¢ischarce coen'ng switches.

-4 1s were cptained with 2 nixture of (pfg and

Aro1s 2uffer 2as. For a mixture of 2% (pFg n 1 atm
Ar opeming times of less than 100 ns were measured.
The 1ncrease In resistivity «as 31'most two orders of
magnitude in 3 freid stre~gth range up to 25 Td. The
current  gaxn  for this  ges  csmbination  at  a
pressure of § atm and e-beam ene-gies of 165 keV would
be zcout 100, The current cZensitv-reduced fleid
strength characteristic of the e-Seam controlled
discharge 1n CyfgiAr has a dist'nct region with
negitive differential conductivity., This effect causes
itne formaticn of luminous stri2tions in the gischarie.
Tne analogy between tnis  tyce of discharge and
semiconcuciors, wnicn exnidit N0, might lead to
applications  for  externally  sustiinead  diffuse
discharges &s high power oscillaters and amplifiers.
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DRAFT

Domain Instability in an E-beam Controlled Diffuse
Discharge Switch Exhibiting Negative Differential
Conductivity

B. E. Strickland,?2) K. H. Schoenbach,P) G. Schaefer,C)
0. Ishihara, M. Kristiansen, and R. A. Korzekwa.
Department of Electrical Engineering

Texas Tech University, Lubbock, Texas 79409

ABSTRACT - In externally sustained diffuse discharges in
gas mixtures containing admixtures of electronegative
gases, the discharge characteristic (current density
versus reduced field strength) exhibits negative
differential conductivity (NDC) depending on the source
function and the concentration of the attacher. 1In
discharges exhibiting NDC, electron depleted domains of
high field intensity are formed in the discharge.

This paper presents the results of electrical and
optical measurements performed on an e-beam sustained
diffuse discharge in gas mixtures of Argon and C)Fg at 1
atm. The stcady state current density versus reduced
field strength exhibits a strong negative differential

conductivity in the E/N range of 2.5 Td < E/N < 5 Td.

Time resolved photographs of the discharge taken in
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this E/N range show luminous layers perpendicular to the
discharge axis. These experimental results are compared

with numerical predictions.

Present address:

a) Maxwell Laboratories Inc., San Diego, CA 92123
b) O0ld Dominion University, Norfolk, VA 23508
c) Polytechnic Institute of New York,

Farmingdale, NY 11735




INTRODUCTION

In recent years interest has grown in the use of
inductive energy storage devices in pulsed power systems
because inductive devices have intrinsically higher
energy densities than capacitors. In order to use an
inductive energy storage device in a pulsed power
system, an opening switch is required to transfer the
energy from the inductor to the load. 1In order to use
it in a repetitive pulsed power system, the opening
switch should have the ability to perform in a
controlled repetitive mode of operation. Furthermore,
it is desirable for the switch to have a high current
carrying ability (kA), a high voltage stand off
capability (kV), low losses in the conduction phase, and
a long lifetime. Electron-beam controlled diffuse
discharges show promise for use as repetitively operated
switches in inductive energy storage systems.

In order for a diffuse discharge switch to have the
previously mentioned properties, it is necessary to
properly engineer the gas mixture used in the switch.

To obtain low losses in the conduction phase, it is
necessary that the gas has a high electron mobility and
a low electron loss rate at low reduced field strength
(E/N) which corresponds to the conduction phase.
Furthermore, to improve the opening and stand off
capabilities of the switch, it is desirable to have a
gas with a low electron mobility and a high attachment
rate at higher values of E/N which

correspond to the opening and hold off phases. For the
switch to achieve fast opening times, electronegative
gases or attachers must be used in the switch gas
mixture. To satisfy the conditions previously
mentioned, it has been suggested to use attachers that
have a low attachment rate at low E/N and a high

attachment rate at high E/N [1l]. The use of such
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attachers in e-beam controlled diffuse discharge
switches and their effect on the current-voltage (I-V)
characteristics of the switch has been theoretically
investigated by Schaefer, et al. [l]. The results show
that a switch which utilizes attachers with a strongly
increasing attachment rate as a function of E/N will
have an I-V characteristic which exhibits negative
differential conductivity (NDC) depending on the
magnitude and energy of the ionization scurce and the
concentration of attacher.

Negative differential conductivity is also a
characteristic of semiconductors exhibiting the Gunn
Effect. There, isolated domains with high electric
field intensity propagate across the semiconductor
material [2]. Therefore, it is of interest to determine
if the domains present in a diffuse discharge [3, 4, 5,
6] which exhibits NDC have the same properties as the

domains in semiconductors.

ELECTRICAL INVESTIGATIONS

In order to study electron-beam controlled
conductivity in a high pressure diffuse discharge
containing small amounts of electronegative gases, a
repetitive electron-beam controlled diffuse discharge
switch experiment has been constructed and used to
investigate promising gases for opening switches [7].

The e-beam system consists of an e-beam gun inside
of a Pyrex chamber that is located between the two
parallel plates of the e-beam pulser's transmission
line. The stainless steel switch chamber is located
above the e-beam system as shown in Fig. 1.

The e-beam gun is a tetrode that consists of a

dispenser cathode, a control grid, a screen grid, and

the anode. The electron source or cathode is a BaOj
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dispenser cathode capable of emitting 4 A/cm2 uniformly
over the 100 cm2 area of the cathode at a temperature of
950 K. The temporal structure of the e-beam is
controlled by a control grid that is driven by a
transmission line pulser capable of generating a pulse
train with a variable pulse duration and separation. 1In
addition, a d.c. biased screen grid shields the control
grid from the effects of induced voltage by the anode or
e-beam pulser.

The e-beam pulser consists of a two-stage Marx
generator that is capable of delivering a maximum output
voltage of 250 kV with a risetime of 5 ns and a decay
time of 2.5 us into a 300 ohm load.

The diffuse discharge is generated in a stainless
steel chamber that has been tested up to 4 atmospheres.
A 25 pym titanium foil serves as the interface between
the high pressure switch chamber and the high vacuum e-
beam chamber. A 12 ym aluminum foil functions as the
lower electrode while the upper electrode is made of
stainless steel. A 2-ohm pulse forming network with a
maximum output voltage of 60 kV supplies the current
through the discharge plasma.

Transmission line current transformers {8,9] and
fast resistive current probes were used to measure the
e-beam current and switch current, respectively. Fast
resistive voltage dividers were utilized as voltage
probes.

While operating the e-beam gun as a cold cathode
diode, which relies only on field emission for electron
production, electrical investigations were performed on
a high pressure diffuse discharge in a gas mixture of 2%
CyFg in 1 atm Argon which is a promising switch gés
candidate [10}. The impedance of the switch system was
held constant at 4 ohms. 1In the cold cathode diode
mode, the source function, which is the number of

electrons produced per cm3 second, was in the range of
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2-3 x 101%m=3s-1. The electrode gap spacing was

84 A

maintained at a constant 3,9 cm while the applied
voltage was varied from 0 to 15 kV,.

The steady state current density (J) versus reduced
. field strength (E/N) characteristic for a gas mixture of
2% C2Fg in 1 atm Ar is shown in Fig. 2. This
characteristic contains a pronounced negative
differential conductivity (NDC) in the reduced field
strength range of 2.5 Td < E/N < 5 Td where the
attachment rate for this gas mixture increases strongly
with E/N.

It has been discussed before that gas mixtures of
Argon and a molecular gas such as Nitrogen exhibit a

drift velocity with maximum at low values of E/N [11,

s -

12, 13]. Such gas mixtures can generate a negative
differential conductivity without the use of any

attachers. Therefore, we performed experiments in Argon

A Ny

with 2% and 5% Nitrogen. A comparison of the J versus
E/N characteristics is shown in Fig. 3. No negative

differential conductivity was observed with Nitrogen

Gl
DA

admixtures in the range of 2-5%. Also, in previous

St
LN

s

N experiments performed under the same conditions using
various mixtures with attachers such as CO3, SO3, or N30
in 1 atm N3, the steady state J versus E/N

. characteristic did not yield a region of NDC [14, 15].
In order to obtain a high pressure diffuse discharge
whose steady state J versus E/N exhibits a strong NDC
characteristic, it is necessary to use a gas mixture
with an attachment rate that increases strongly with E/N
k. such as CyFg:Ar and C3Fg:Ar mixtures [16].

OPTICAL INVESTIGATIONS

. The formation of high field domains can be expected
in e-beam sustained diffuse discharges that exhibit a

NDC characteristic (3, 4, 5, 6, 16, 17, 18, 19). It can
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be expected that in regions of high field intensity, the :f

number of excited atoms or molecules is increased N

causing an increased level of emission processes. In "

order to investigate the possible formation of such fj

domains in our discharge, time resolved photographs were ;g

taken at various times during the discharge while using ﬁ‘

various bias conditions,

T me resolved photographs of discharges were taken
using a high speed, high resolution image converter
camera that consisted of a proximity focusing diode
manufactured by ITT with a Tektronix roll film back
mounted on the rear of the diode [20]. A krytron
switched, Blumlein pulser was used to deliver a 10 kV,
10 ns rectangular pulse to the diode; consequently, the
camera has a shutter speed of 10 ns, The diode has a
resolution of 45 lp/mm. Optical investigations were
performed on discharges containing gas mixtures of 2%
CyFg:Ar and 5% N3:Ar.

The diffuse discharge containing 2% CyFg:Ar was
investigated in three operation regions: the region of
positive differential conductivity, (PDC), corresponding
to the E/N range of
0 Td<E/N<2.5 Td as shown in Fig. 2; the region of
negative differential conductivity, (NDC), corresponding
to the E/N range of 2.5 Td < E/N < 5Td; and the region
of approximately zero differential conductivity, (ZDC),
corresponding to the E/N range 5 Td < E/N < 12 Td.

A time resolved photograph of the discharge biased
at 2 Td so that it would operate in the PDC region is
shown in Fig. 4a. This photograph at a time of 400 ns
illustrates that the discharge is homogeneous or has no
field domains other than the cathode fall for bias
points to the left of the current density maximum.
Furthermore, the discharge was homogeneous throughout

the duration of the 500 ns discharge current pulse.
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With the discharge biased at 5 Td so that it would
operate in the region of NDC, time resolved photographs
were taken at 100 ns intervals throughout the duration
of the discharge current. Figure 4b illustrates the
discharge at a time of 400 ns. At any point of
operation in this region, the discharge is not
homogeneous. This photograph shows a distinct luminous
layer perpendicular to the discharge axis.

Time resolved pictures of the discharge biased at 9
Td so that it would operate in the ZDC region of the
attachment dominated stage of operation were taken which
illustrated the occurence of striations similar to those
observed in the NDC region.

In order to obtain qualitative information about
the position of these luminous layers or striations as a
function of time, photodensitometer plots were made from
the negative of each photograph. The normalized
photodensitometer plots along the discharge axis
corresponding to the photographs taken at 9 Td are shown
in Fig. 5.

These results show that the domain forms at the
cathode and propagates toward the anode with a constant
shape and velocity Vp =1,95X106cm/sec. The domain
velocity is approximately equal to the electron drift
velocity as predicted by Douglas-Hamilton [19]. Similar
results were obtained for any bias point in the
attachment dominated stage of discharge operation. As
predicted by Barkalov and Gladush [3] the domain
velocity is independent of applied voltage while the
amplitude and width of the domain is proportional to the
applied field.

From the photographs shown, it is evident that the
shape and position of the striations vary with applied
voltage. Therefore, discharges were photographed at a
constant time of 400 ns throughout the E/N range of 2

Td < E/N < 12 Td. The position of the striation with




125 oA
® s
respect to the anode as a function of applied voltage is Sgr

WS

shown in Fig. 6. o

® Time resolved photographs were also taken of a N
discharge containing a mixture of 5% N3 in 1 atm Ar. Ef

These pictures revealed a homogeneous discharge like fb.

-\i

that shown in Fig. 4a for the gas mixture of 2% C)Fg in

® 1 atm Ar in the positive differential conductivity P
region. iﬂ

MODEL e

® G
The spatial dependence of a diffuse discharge can Fi

be described by the space dependent one dimensional o
continuity equations =

. -
ane ] K -

_ t — nE = S + iNgne =

Y ot ax Helle 178 .
(SRS

- kaNane - Beinen+ (1) ":‘:‘

ang ] ‘4.

® - — nyE = S + kiNgne o
3t ax HeNy 1Na

s
P o
- Biin+n- - BeiNeN+ (2) o

° an_ 9 "
—— + — u_n_E = kzNgn
at ax ¥ atare R

- Bijn+n- (3) ff

® and Poisson's equation -
dE  -e e
_ = — (n+ - N- -~ ne) ’ E > 0 (4) :.':‘\.

. ax Eo - %o
. .
® JOS0
e
0
RIS R . RN |

. .. N C et - N 0 \‘ " - .
‘\.a'.n AT A'_a""_.‘:n .A\"- 'L‘_. A 4_\‘*_:'.. .._\L__AAA_L\ e oa At a e e AL AA-_‘\-\I-,‘_A.AA.-A'A.__A ‘-h.n"_x.h_l_.d




LN

where ng,n_, and n, are the densities of electrous,
negative ions, and positive ions; ye, p-, and py+ are the
corresponding mobilities; S, the source function, is the
rate at whi-h electrons are produced by the external
source; Bel and Bii are the electron-ion and ion-ion
recombination rate coefficients respectively; and e is
the charge of an electron. We must adjoint to the
system of equations (1)-(4) the boundary conditions at
the electrode surfaces and the equations governing the
external ecircuit. The boundary conditions are

uene(o,t)=Yu+n+(0,t),

n_(0,t)=0
and
n,(L,t)=0

where Y 1is the secondary-emission coefficient at the
cathode. The equations governing the external circuit

are

j(t) = (pene + u4ny + p_n_)Edx

e
L

O ™

and

J Edx = Uy = constant
0

where U, is the supply voltage and L is the
interelectrode gap length.

In order to investigate the formation of domains in

a diffuse discnarge of interest for pumping COp lasers,

Sow,
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Barkalov and Gladush [3] solved the mathematical model
previously discussed for a discharge containing a
mixture of Npo+0p which exhibited NDC.

When a voltage U, was applied to the discharge
which corresponded to the electric field E in the E/N
range of where the discharge 1s attachment dominated, a
domain formed completely at the cathode and moved with
constant velority, amplitude, and shape along the
interelectrode gap as shown in Fig. 7. Tne sloping line
of Fig. 7 (a-c) indicates that the domain moves at a
constant veloecity, Vgo=6 x 10% em/sec. Upon reaching the
anode, tne domain merges with the anode. The voltage
released by the merging process is redistributed between
a new domain growing at the cathode and the discharge
column as shown in Fig. 7d. This merging process causes
the current in the external eircuit to increase until
the new domain is completely formed at the cathode. The
new domain picks off voltage from the discharge column
whirch causes the r~urrent to fall to its minimum value.
The current remains constant while the domain 1s moving
along the interelectrode gap.

These calculations revealed that as the applied
voltage was further increased there was a proportional
inerease in the width of the domain as shown in Fig. 7Tb.
Furthermore, the domain velocity was independent of
applied voltage. Since the domain width increases with
inrreasing voltage, the period of the current

oscillation becomes smaller with inereasing voltage [3].

By implementing the impliecit finite difference
methods to numerically solve the system of equations
(1)-(4), the results of Barkalov and Gladush have been
reprodured.

This r~omputer code nas been modiflied to solve the
system of equations (1)-(4) for a disr~harge in a gas

mixture of 2% CpoFg in Ar at a total pressure of 1 atm.
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The basiec gas data for this gas mixture were obtained
from Christophourou et al [10].

CONCLUSIONS

E-beam controlled diffuse discharges used as fast
opening switches are operated in gas mixtures containing
small additives of electronegative gases. Attachers
which have a strongly increasing attacnment rate will
cause the discharge to exhibit a NDC characteristic
depending on the magnitude of the source function and
the conrcentration of attacher gas. Gas mixtures which
cause a NDC characteristic in an intermediate E/N range
are most suitable for diffuse discharge opening switches
which are operated in a single shot mode where the
inductor is recharged after each shot.

If an e-beam sustained diffuse disrcharge which
exhibits NDC is operated in a range of E/N where the
aischarge is attachment dominated, moving aomains of
high field intensity will be formed in tnhe discharge.
The velority of these domains is independent of applied
voltage while the amplitude and shape are proportional
to the applied field. Current and voltage oscillations
can be expected in applications where the discharge
conducts longer that the transit time of a domain moving
across the discharge. This might make it possible to

use such discnarges as high power osecillators.
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at 1 atm,
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(a)

(b)

Figure 4 Photograph of discharge taken (a) at 2 Td in the
positive differential conductivity region and (b) at 5
Td in the NDC region.
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Figure 5 Photodensitometer curves of the discharge along the
discharge axis at 9Td

-
LK
-~

-'.’h

n--..-

-

'...'-

DS
._’\ i

.-
.




Va*-‘ls"- 4, ‘-“v"

85>

L

ChfMly L

LAY

300 T LI T 1 T 1 Ll ¥ L L L] L4 + T L

DISTANCE FROM ANDOE ([em)

0 2 4 6 8 10 ie 14 16 18

yonnane me

REDUCED FIELD STRENGTH [Td]

Figure 6 Position of striation as a function of reduced field
strength, E/N.

P T R .
R N e e e T T e e T et e T e e e e T
g T T I S NI PR P T B e R W I T ) Y - 100 e d et b et L ol L
e e e e e e L et A A A A Tl tala e alale i b Sl St




WIS TR S UWUE T WL URLLWAL Y
F‘*‘- B s 2t bk 2B i A S s S T S i A i LW TR PR e AR I e e et A e gy o f S Ron Rin i Ste JA A
Lol RS Ll T AN I o

137

Figure 7. Distribution of E/N (curves a-e) and n, (a) in discharge

cap with E/N = 4.8:10"16 y.cp2 (Problem 1, V5 = 105 o
e cm/sec); current density at times: a) 0; b) 2 usec; c) 4

(1) (E/N) - 1018 = 3.3 vecm2; 2) 3.9; 3) 4.8]; d) 5; e) o
6. These values correspond to the points in Fig. 4c. B

(3].
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Appendix E

To be Submitted to Applied Physics Letters

DRAFT

THE INFLUENCE OF THE CIRCUIT IMPEDANCE ON AN ELECTRON-BEAM
CONTROLLED DIFFUSE DISCHARGE WITH A NEGATIVE DIFFERENTIAL
CONDUCTIVITY

G. Schaefer, @) K, H. Schoenbach, P) M. Kristiansen,
B. E. Strickland, €) R. A. Korzekwa, and G. Z. Hutcheson
Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409-4439, USA

ABSTRACT - The use of attaching gases in an externally
sustained diffuse discharge opening switch with a low attach-
ment rate at low values of E/N and a high attachment rate at
high values of E/N allows the discharge to operate with low
losses in the closed switch phase and to achieve fast opening
after the sustainment source is turned off. Such an attacher
generates a J-E/N characteristic with a negative differential
conductivity in an intermediate E/N range. Such a
characteristic obstructs the closing process of the discharge
if it is operated in a high impecdance system. Experiments
demonstrating these effects are presented for electron beam

sustained discharges in mixtures of Argon and CjFg.

a) Present address: Department of Electrical Engineering
Polytechnic Institute of New York
Farmingdale, NY 11735

b) Present address: Department of Electrical Engineering
Old Dominion University
Norfolk, VA 23508

c) Present address: Maxwell Laboratories
San Diego, CA 92123
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Inductive energy storage is attractive in pulsed power
applications because of its intrinsic high energy density

compared to capacitive storage systems. The key technological

problem in developing inductive energy discharge systems, "
especially for repetitive operation, is the development of P

opening switches. Promising candidates for repetitive opening

-
switches are e-beam or laser controlled diffuse discharges. -

An e-beam controlled diffuse discharge switch opens when
the e-beam is turned off. The switch opening time is
determined by the electron loss processes: recombination and
attachment., In order to achieve opening times of less than a
microsecond at initial electron densities ng <1014 -3, the
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dominant loss process must be attachment, which means that the 5"

switch gas mixture must contain an electro-negative gas. On -~

the other hand, additives of attachers increase the power

losses during conduction. Both low forward voltage drop and

fast opening can only be obtained by choosing gases or gas =

mixtures which satisfy the following conditions [1-3]:

(1) For low values of the reduced field strength E/N
(conduction phase) the gas mixture should have a high
drift velocity vq and low attachment rate coefficient kj.

(2) For high E/N values (opening phase) the gas mixture
should have low drift velocities and high attachment rate

coefficients.

It has been discussed before that such gas properties cause a .

discharge characteristic (current density J versus reduced

electric field strength E/N) with a strong negative o

differential conductivity [2,4]. Such a characteristic is

equivalent to a strong increase of the discharge resistivity %

with increasing E/N. Gas mixtures, for example, which show
the above mentioned properties and were recommended for these
applications are mixtures of Argon or CH4 and CFg or CiFg
[2]. Some of these gas mixtures have been used for switching
experiments in electron-beam sustained discharges [5,6]. The

experiments presented here were performed with mixtures of

Argon and C2F6:
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The experimental setup used for our investigations is an
electron-beam controlled diffuse discharge switch with an
electron-beam tetrode for multiple, submicrosecond pulse
operation [7,8]. The discharge itself is driven by a 2 Ohm
pulse forming network, and series resistors are used to
simulate high impedance systems. The discharge
characteristics were investigated with a 2 Ohm system.

Figures 1 and 2 show the discharge characteristics and the
resistivities for different mixing ratios of Argon and C3Fg.
The source function was kept constant at a value of S =
1.3*1020 cm=3  s~l. The current density reaches a maximum in
the E/N range of 2-3 Td, depending on the CFg concentration
and the source function, S. With further increasing E/N up to
approximately 5 Td the current density decreases. The
discharge resistivity increases in this E/N range by a factor
of approximately 20. The increase of resistivity is more
pronounced with increasing CpFg concentration. It is mainly
caused by the attachment properties of CyFg and not by the E/N
dependence of the drift velocity. Also mixtures of Argon and
Nitrogen have a drift velocity with a maximum at low values of
E/N, however, these mixtures did not show a negative
differential conductivity. The drift velocity, however, seems
to influence the magnitude of the current maximum at low CyFg
concentrations since the characteristic for 0.5% CFg shows a
lower maximum current than for 2% CyFg. Since the maximum of
the current density indicates the optimum operation range for
the steady state conducting phase one can conclude that the
optimum Ar-CyFg mixture contains approximately 2% C)Fg.

It should also be mentioned that the self breakdown
voltage increases with increasing CpFg concentration. The E/N
values at self breakdown were 8 Td, 12 Td, 15 Td, and > 20 Td
for CypFg concentrations of 0.5%, 2%, 5%, and 10%,
respectively.

It is interesting to notice that a similar discharge
characteristic has been found in optically sustained

discharges using the same gas mixtures. Figure 3 shows the
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characteristics for 10% CyFg in Argon in an e-beam sustained

discharge with a source function of §=1.3*1020 cm~3s-1 and for
an optically sustained discharge with a source function of

S = 1.6*1019 cm3s~1, 1In the case of the optically sustained
discharge approximately 350 ppm dimethylaniline were used as
an additive with low ionization potential. One would expect
that the onset of the negative differiential conductivity is
more pronounced if the source function decreases since the
influence of recombination is reduced [3]. According to
Figure 3 the opposite is found. A significant difference
between the two ionization sources is that the average enerqgy
of the electrons produce by the UV source is very low (>>leV)
while the electrons produced by the e-beam have an average
energy in the order of several eV. This effect in combination
with attaching gases may have a significant effect on the
electron energy distribution function and consequently on the
onset of attachment with increasing E/N [9]. Also the
additive of dimethylaniline may contribute to a change of the
electron energy distribution.

If the specific switch application requires a burst of
short pulses with a high repetition rate then the inductor is
charged only once and the total length of the burst of pulses
is in the order of the discharge time of the inductor. For
this operating mode the inductor can be treated as a high
impedance line and the closing and opening process have to
follow the same high impedance load line [3]. Figure 4 shows
the different load lines used and the experimental discharge
results achieved with these load lines. 1t becomes obvious
that the current maximum can not be utilized with a high
impedance system in the repetitive mode.

The closing process is obstructed even for operating
conditions for which the discharge can reach a low loss, low
E/N state, since the closing process starts at high values of
E/N where attachment is strong. This behavior is demonstrated

in Figure 5. The characteristics measured with a 2 Ohm system

and a 100 ohm system are shown. For the 2 Ohm system the
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steady state values are obtained in less than 100 ns. For the
100 Ohm system the (E/N) values are plotted for 75 ns and for
350 ns after e-beam initiation. The ionizing electron beam
had a risetime of approximately 10 ns and a nearly flat
maximum over a pulse length of 400 ns [7]. The source

function for these measurements again was S=1.3*1020 cm=3s-1,
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Figure 5 demonstrates that those low loss, low E/N operation
conditions which can be achieved with this high impedance
system are reached only after a long closing period. This
behavior was already predicted for N7:N70 mixtures [3].

We therefore have to conclude that gas mixtures which
cause a negative differential conductivity in an intermediate
E/N range are most suitable for diffuse discharge opening
switches only if the system is operated in a single shot mode
(recharging of the inductor after every shot). For a burst
mode (several shots from a single inductor charging), however,
the closing process is obstructed and the maximum possible
current can not be utilized. For such an application a
discharge characteristic is required where the current rises
strongly with E/N up to the operation point of the discharge
in the closed phase. Above this E/N value the current should
stay constant or decrease slowly with E/N over a wide E/N
range to assure a high self breakdown voltage. Ternary gas
mixtures can be used with two attachers with attachment cross
sections at different electron energies to produce such a flat
characterisitic over a wide E/N range and to achieve the same
increase of resistivity. Another approach to solve this

problem is to control the attachment externally [1,3].

This work was jointly supported by AFOSR and ARO under
contract AFOSR 84-0032,
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Fig. 1 Current density J versus reduced field strength E/N

for an e-beam sustained discharge in Argon with
admixtures of CyFg. The source function is

S = 1.3*1020 cm™3s5-1, The variable parameter is the
CyFg fraction.
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" e-beam sustained discharge in Argon with admixtures of
CoFg. The source function is S = 1.3*1020 cmm3s71,
The variable parameter is the CyFg fraction.
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Fig. 3 Current density J versus reduced field strength E/N
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for an e-beam sustained discharge and for a UV
sustained discharge in Argon with an admixture of 10%
CoFg.
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INTERACTION OF DISCHARGE AND CIRCUIT IN AN ELECTRON-BEAM CONTROLLED
DIFFUSE DISCHARGE OPENING SWITCH*

G. Schaefer,** K., H. Schoenbach,*** M, Kristiansen,
B. E. Strickland, R. A. Korzewkwa, and K. R. Rathbun
Texas Tech University, Department of Electrical Engineering
Lubbock, Texas 79409-4439, USA

Abstract

Inductive energy storage is attractive in pulsed power appli-
cations because of its intrinsic high energy density. The key techn-
ological problem is the development of repetitive opening switches. A
promising candidate is the e-beam controlled diffuse discharge. An e-
beam controlled diffuse discharge switch opens when the e-beam is
turned off. In order to achieve short opening times the switch gas
mixture must contain an attacher, Both low forward voltage drop and
fast opening can only be obtained by choosing gas mixtures which
satisfy the following conditions:

(1) For low values of the reduced field strength E/N (conduction
phase} the gas mixture should have a high drift velocity vq4 and
low attachment rate coefficient kj.

(2) For high E/N values (opening phase) the gas mixture should have
Tow drift velocities and high attachment rate coefficients.

Such gas properties cause a discharge characteristic (current density

j versus reduced electric field strength E/N) with a strong negative

differential conductivity. Experiments performed with mixtures of

Argon and CpFg are presented. For switch applications requiring a

burst of short pulses the inductor is charged only once and the total

length of burst of pulses is in the order of the discharge time of the

inductor. For this operating mode the inductor can be treated as a

high impedance line and the closing and opening process have to follow

the same high impedance 1load line. Here the closing process is
obstructed since it starts at high values of E/N wnere attachment is
strong, and the maximum possible current can fot be utilized, as
demonstrated in experiments performed with varying system impedance.

As a solution, ternary gas mixtures can be used with two attachers

with attachment cross sections at different electron energies to

produce a flat characteristic over a wide E/N range. Another approach
discussed is to control the attachment externally.

*  Supported by AFQSR/ARO
**  Polytechnic Institute of New York, New York, USA
*** 01d Dominion University, Norfolk, Virginia, USA
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Appendix G

NEGATIVE DIFFERENTIAL CONDUCTIVITY IN AN ELECTRON-BEAM CONTROLLED
DIFFUSE DISCHARGE FOR SWITCHING APPLICATIONS*

D X

G. Schaefer, K. H. Schoenbach, M. Kristiansen, B. E. Strickland
: and R. A. Korzekwa

Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409-4439, USA

Inductive energy storage 1s attractive in pulsed power applications
because of its intrinsic high energy density compared to capacitive storage
systems. The key technological problem in developing inductive energy
discharge systems, especially for repetitive operation is the development of
opening switches. Promising candidates for repetitive opening switches are e-

(: beam or laser controlled diffuse discharges.

An e-beam controlled diffuse discharge switch opens when the e-bean is

turned off. The switch opening time is deterimined by the electron—loss

processes in the diffuse discharge: recombination and attachment. In order to

achieve opening times of less than a microsecond at intial electron densities

(; Ng <1014 cm‘3, the dominant loss process must be attachment, which means that

the switch gas mixture must contain an electro-negative gas. On the other

)

hand, additives of attachers increase the power losses during conduction. Both

low forward voltage drop and fast opening can only be obtained by choosing

’
—_—t

gases or gas mixtures which satisfy the following conditions:
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(‘ ’ (1) For low values of the reduced field strength E/N‘(conduction phase)
® the gas mixture should have a high drift velocity vq and low attachment rate
coefficient kg.
(2) For high E/N values (opening phase) the gas mixture should have low
7Y drift velocities and high attachment rate coefficients.
In recent experiments gas mixtures have been investigated containing Ar or
CHy4 as a buffer gas andA CoFg as an attacher. It was demonstrated that these
® gas mixtures exhibit a discharge characteristic (current density j versus
( reduced electric field strength E/N) with a strong negative differential
conductivity in an intermediate E/N range. For Ar - CyFg mixtures, for
) example, the current density reaches a maximum in the E/N range of 2-3 Td,
depending on the CyFg concentration and the source function. With further
increasing E/N up to approximately 10 Td the current density decreases. This
.( negative differential conductivity is more pronounced with increasing CoFg
concentration. It is caused by the attachment properties of CyFg and-not by
the E/XN dependent mobility of mixtures of Ar with molecular gases since Ar-Nj
e mixtures did not show this negative differential conductivity. The maximum of
( the current density indicates the optimum operation range for the steady state
conducting phase. However, it was demonstrated that this maximum cannot be
o reached with gas mixtures with high attacher concentrations and in systems with
high impedance which are typical for inductive energy storage systems.
. Additional control mechanisms or three component gas mixtures are discussed as
® alternatives.
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} Inductive energy storage is attrac- power losses during conduction. Both
N tive in pulsed power applications be~

cause of its intrinsic high energy
density compared to capacitive stor-
age systems, The key technological
problem in developing inductive
energy discharge systems, especially
for repetitive operation is the devel-
opment of opening switches. Prom-
ising candidates for repetitive open-
ing switches are e-beam or laser con-
trolled diffuse discharges [1). The
schematic diagram of an electron-beam
controlled opening switch as part of
an inductive storage system is shown
in Fig. 1 [2]). The switch chamber is
filled with a gas of pressures of 1
atm and above. The gas between the
electrodes conducts and allows
charging of the inductor only when an
ionizing e-beam is injected into the
gas. When the e-beam is turned off,
electron attzchment and recombination
processes in the gas cause the con-
ductivity to decrease and the switch
opens.

The switch opening time, after
e-beam turn-off, is determined by the
electron loss processes in the dif-
fuse cdischarge: recombination and at-
tachment. In order to ach.eve opening
times of less than a microsecond at
initial electron densities <1043,
the dominant loss process must be at-
tachment, which means that the switch
gas mixture must contain an electro-
negative gas, On the other hand, ad-
ditives of attachers increase the

. e e e e -A'.-‘ Teale . '."'.‘A'-"‘. :
EARL SR R LT < -J-‘;'nl_".\ Senim

low forward voltage drop and fast
opening can only be obtained by
chcosing gases or gas mixtures which
satisfy the following conditjons
f1,3,4,}:

(1) For low values of the
reduced field strength E/N (conduct-
ion phase} the gas mixture should
have a high drift velocity vy and low
attachment rate coefficient k,.

}2) For high E/N values (opening

phase) the gas mixture should have
lower Arift velocities and high at-
tachment rate coefficients.

Along with these considerations,

several gas mixtures have been pro-
posed for diffuse discharge opening
switches. For our theoretical inves-
tigations Ny was chosen as a buffer

INDUCTOR
CURRENT
SOURCE
——_/
SWITCH LtOAD
44444
FOIL - ANODE
ELECTRON - BEAM
R N
CONTROL === HEATED CATHODE
GRID l HV

Fig. 1. Schematic of an e-heam con-
trolled diffuse discharge opening
switch.
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gas with N30, SO, and CO; as the
added attachers which satisfy the
above mentioned conditions. Experi-
ments were performed in the same gas
mixtures and in mixtures of Argon and
CaFg (31].

Calculations of the steady-state
discharge characteristics were per-
formed with the relative attacher con-
centration in the buffer gas as the
parameter. Figure 2 shows the current
density j versus reduced field
strength E/N characteristics for dif-
ferent N30 concentrations in an Ny
buffer gas. The total pressure is 1
atm. At small E/N, below 4 Td, the
electron loss is due to recombination
only. At about 4 Td the attachment
rate coefficient rises steeply. This

10°
$ = 85107 cmde
Tam N,
—— ha N0
—

"'E //’/ - -—0I%N0
o —,"'—
2wl 2T S
— - /'-
r [{’/”"— ______ 05%
@ T —— s —0.75%
] L —— —
] ~ 1.0%
o
E. 2.0%
w 1
AL
o
2
(8

[ 10 20 3o 40 50 60 70
REDUCED FIELD STRENGTH E/N [Td)

Tig. 2. Calculated steady-state j vs
E/N characteristics for an e-beam sus=~
tained discharge in N2 with admixtures
of NZO‘ The electron ceneration rate
is &x10%]
the N,0 fraction in percent (see Ref.
4).

en? §71. The parameter is

means that, for reasonably high at-
tacher concentrations in the buffer
gas, the losses i{ncrease drastic-
ally, causing & negative slope in
the current-voltage characteristics.
At 30 Td, where the attachment rate
coefficient is assumed to level off,
recombination becomes more important
again, as demonstrated by the change
in the slope of j vs E/N, at this
value. 1In experiments the strongest
negative slope in the current-volt-
age characteristics was found in
Argon with admixtures of CpFg, while
in Nz with admixtures of N30 this
effect was not well pronounced.
Figure 3 shows the influence of
attacher concentration (N20) on the
switch current. For high N20 concen-
trations (3%) the switch current
pulse replicates the e-beam current
pulse, except for the tail. The taii
may be caused by the current carried
by positive and negative ions. The
current gain (switch current/elec-
tron beam current) is about 2 for
this high attachment concentration.
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Fig. 3. Time dependence of switch
current with N20 concentration as the

variable parameter.
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Por concentrations of 0.7%, the fall
time (1/e-time) increases to approx-
imately 100 na. Por 0.1% it is on
the order of 500 ns., The gain in-
creases to values of 9 and 12 for
0.7% and 0.1% N0, respectively.

Further calculations were per-
formed to investigate the influence
of the attacher on the electron gen-
eration mechanisa. For an electron’
beam sustained discharge operated at
low values of E/N the energy of the
initial secondary electrons may be
well above the energy range of the
steady state electron energy distri-
bution, and also above the energy
range in which the attacher used has
a significant attachment cross sec-
tion. These initial secondary elec-
trons will subsequently during their
relaxation move through the energy
range where attachment may occur even
if the steady state distribution
function does not overlap with the
attachment cross section.

Monte Carlo calculations for a
gas mixture c¢f Ny and attachers such
as N30 and SO, showed that at 3 Td
the average time for an BeV
electron to reduce its energy to 2eV
is ~ 2.5x107)05, This time jis almost
exclusively spent in the energy range
above 4eV where Ky does not have sig-
nificant inelastic cross sections.
This causes a significant difference
of the influence of the two attachers
mentioned. SO has its maximum at-
tachment cross section at -~ 4.5eV,
In 2 mixture of 90% N and 10% SO;
more than 20% of the initial second-
ary electrons are attached if they
are generated at energies above 5SeV.
In 2 mixture of 90% N3 wath 10V N0

attachment of the initial second-

ary electrons can nearly be neglected
(< 5%), since the attachment cross
section of Nzo has its maximum at

~ 2.3eV in the range where N, has
its large inelastic cross sections.
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ABSTRACT - This paper discusses the use of a spark array as

an ionization source for diffuse discharges. A linear array
of twenty bare spark gaps was constructed and tested to
determine the turn-on and turn-off characteristics using
streak photography and high resolution time resolved
photography. The experimental results indicate that the
turn-on time is dominated by the serial breakdown of the
spark gaps in the array, and the turn-off time is dominated
by the decay time of the plasma produced by each spark gap.

The application for UV initiated discharges is discussed.
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INTRODUCTION

In recent years diffuse discharges have gained
significant interest as lasing media and as switches (For
reviews see [1,2]). 1In general, these discharges can be
self-sustained or externally sustained. For self sustained
discharges a preionization source is usually required to
generate stable arc-free discharges, while in an externally
sustained discharge ionization totally depends on the
external source. Such an externally sustained discharge can
be used as an opening and/or closing switch. Sustainment
methods used are electron-beams, x-rays, and ultraviolet
sources. In an externally sustained diffuse discharge
opening switch the controlling mechanism ionizes the gas in
the discharge, forming a conducting medium which continues to
conduct as long as charged particles are present. Once the
ionization source is removed, electron attachment and
recombination processes in the gas cause the electron density
to decrease and consequently the conductivity of the gas
discharge decreases until the discharge ceases, thus forming
an insulating medium.

The requirements for the operation of the external
ionization source strongly depend on the specific
applications. 1In the case of an externally initiated
discharge it is mainly the turn-on characteristic of the
ionization source which determines the performance of the
discharge while in the case of an opening switch the turn-off
characteristic and the charge carrier loss mechanisms
determine the opening time.

In one of the experiments at Texas Tech University
related to opening switches, additional external discharge
control mechanisms using lasers are investigated. Such
mechanisms are photodetachment and optically enhanced
attachment. These processes have to be investigated ocver a
wide E/N range from below 1 Td up to the self breakdown
voltage of the discharge. These variations of E/N require

the possibility to operate the discharge in the self
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sustained and in the externally sustained mode. The fj
experiments related to these effects are discussed elsewhere
[3]. The subject of this paper is to discuss the properties

of the used UV ionization source which are important for
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these applications.
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UV SOURCE DESIGN CONSIDERATIONS

The optically controlled switch experiment used to study

.
SR

optogalvanic effects is shown schematically in Fig. 1. This

ot
vt

experiment utilizes an ultraviolet radiation source which can

r

be used as a preionizer for a self-sustained discharge or as

]

the external ionization source for an externally sustained
discharge. To produce a homogeneous self-sustained
discharges at high pressure such as in TEA lasers it has been
proven that the transverse homogeneity of the ionization
source is one of the keys for arc free operation [l1). The
best way to incorporate an ultraviolet source into a switch »E\
system is, therefore, to illuminate the discharge volume from
behind one electrode [l]. This requires that the electrode
be optically transparent or a mesh. Placing the ultraviolet =
source behind the electrode also assures that the maximum 3
photoionization effect occurs directly between the parallel :g.
surfaces of the switch electrodes. )
When operating gas discharges for lasers or switches it
is desirable to maintain a constant gas environment in the
discharge chamber. Arcs are good sources of ultraviolet
radiation and can be created by surface discharges or bare o
sparks. Surface discharges are a good source of ultraviolet -
radiation; however, these discharges erode some part of the
insulator surface with each discharge. The by-products of
surface discharges can contaminate the discharge environment;
therefore, a bare spark source should be used whenever it is
important to maintain the integrity of the gas in the
discharge chamber over a large number of shots. ;}:
In order to optimize the turn-on and turn-off

characteristics and the efficiency of the source, a pulse




forming network providing a rectangular current pulse should o
be used and the impedance of the ultraviolet source after .

breakdown should be matched to the impedance of the pulse o .
forming network which excites the source. To achieve fast :l
breakdown of a spark gap, high applied voltages are also ;E
required. A stripline design allows optimization of these ~

conditions. Since the impedance of an individual spark is in .}

the order of 25 mOhms [4], many spark sources in series have

to be incorporated into the transmission line (Figure 2).

Nearly the full charging voltage will then be applied to each

individual spark source before breakdown and the impedance of ‘. 
the line can be matched to all spark sources in series after -
breakdown. The impedance Z, of the pulse forming network

available for our experiment was 9.4 Ohm; therefore,

approximately 375 individual spark sources would be needed to ’.f
match the impedance using only the resistance of the sparks. |
Given the physical size limitations of our discharge chamber

only 20 spark gaps in a linear array have been used.

Therefore, an additional resistance was incorporated at the o
end of the array to match the impedance of the ultraviolet .

source to the pulse forming network and to avoid reflections.

LA A

.

N .
IR RN N

A feasible system can operate with a 2.5 Ohm pulse forming .

network and approximately 100 sparks in series. .Aﬁ
Utilizing the above considerations, an ultraviolet :

source has been designed and constructed which consists of 20 :

individual bare spark gaps with approximately 1 mm gap -

spacing arranged in a linear array and terminated with an b

additional matching resistance. When the switch spark gap

shown in Fig. 1 is triggered by a ruby laser, a pulse with a

voltage of Vo5/2, a current of I145=V5/2%2,5, and pulse length of

10ns is delivered to the transmission line. The magnitude of "r

the charging voltage V5 is usually kept below the dc ET

breakdown voltage of the source as a whole (all spark gaps in 3

series), but well above the dc breakdown voltage of a single <

spark gap. Since the individual spark gaps are incorporated ...

into the transmission line, the array will breakdown in a

'''''''''
......
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serial manner. The turn-on time of the entire ultraviolet
source is, therefore, determined by the delay between the

- light emission from the first and last spark gap. This delay
time will include the transit time of the pulse along the
transmission line from the first to the last spark gap and

the sum of the breakdown time of all spark gaps.

OPTICAL INVESTIGATIONS
In order to obtain knowledge about the turn-on and turn-
off characteristics of the ultraviolet source as a function

- of the charging voltage V5 and to determine the time

dependent relative intensity of the emitted light, two

optical investigations were performed. First, streak
photography was used to obtain information about the turn-on

time of the source as a function of the charging voltage V,.

Second, high-speed, high-resolution time resolved photography

was employed to determine the time dependent relative

intensity characteristics of the source.

S- For each of the optical investigations performed,the

: experimental set-up was the same with the exception of the
camera. The ultraviolet source was positioned so that it
directly illuminated the lens of the camera. Delay
generators were incorporated into the trigger circuitry of
the experiment to allow for variation in the timing of the
event with respect to the camera shutter. Each of the tests
were performed in open air.

B A TRW streak camera was used to investigate the turn-on
characteristics of the source. A streak photograph of the
ultraviolet source with a charging voltage of 33 kV is shown
in Fig. 3. The streak photograph illustrates that the linear

5o array of spark gaps breakdown serially. The dim area in the

center region of the streak photograph is due to an

imperfection in the photocathode of the streak camera and not
due to the source itself. The turn-on time of the source for

a given charging voltage can be determined by considering the

writing rate or streak rate of the camera and the distance

I WV RV B S B I R S S S . S SO I R S R
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A between the beginning of the streaks made by the first and

last spark gaps of the source. The picture shown in Fig. 3,

for example, shows that the turn-on time of the source with a

“HRS NS

~ charging voltage of 33 kV is 15.5 ns. Similar streak

RS

Q photographs were taken of the source with charging voltages
&)

varying which were varied from 23-35 kV, Figure 4

I

illustrates the dependence of the turn-on time of the

. W

¢

ultraviolet source on the charging voltage.
The time resolved photographs of the ultraviolet source
were made using a high-speed, high~resolution image converter

camera. The camera consists of a proximity focusing diode

=
-
!
-

manufactured by ITT with a Tektronix roll film back mounted
on the rear of the diode [5]. A krytron switched
transmission line pulser was used to deliver a 10 kV,
trapezoidal pulse with a rise and fall time of approximately
5 ns and a half width of approximately 10 ns to the diode.
Consequently, the camera had a shutter speed of 10 ns. The
diode has a high resolution of 45 lp/mm. Figure 5 contains
two photographs which were taken at different times. Figure
5a was taken during the turn-on phase and illustrates again
that the spark gaps breakdown in succession. Figure 5b,
taken with reduced sensitivity, illustrates the ultraviolet
source with all 20 spark gaps emitting light. Figure 5a and
5b were taken at 10 ns and 290 ns, respectively. Figure 6
depicts the relative intensity verses time for the first
spark gap in the ultraviolet source. The data for this
figure were obtained by making photodensitometer plots and
correcting them for the different aperature settings and film
speeds.

The total light emitted from the UV source is the
superposition of the light emitted from the twenty individual
sparks as shown in Figure 7. The linear section of the turn-
on characteristic corresponds to the serial breakdown of the

individual spark gaps and makes up for the most important

part of the risetime (compare Fig. 3). The minimum risetime

achieved was 14 ns for the array of 20 sparks with a charging e

. R Ay T GRS )
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voltage of 35 kV. Considering that approximately 100 sparks N

in series are needed to match a 2.5 Ohm line, one should
observe a risetime of approximately 70 ns. It should be
mentioned that this is the risetime of the source function
for the discharge as a whole. An individual volume element
will experience a source function with a significantly
shorter risetime since not all sparks contribute to
ionization in a given volume element.

It is also important to note that the ultraviolet source
continues to emit light for many hundreds of nanoseconds (90%
to 10% in 700 ns) after the relatively short current pulse,
which excites the source, has been removed. The breakdown of
a spark gap produces a hot plasma, providing an increased
free electron density which remains in the arc region until
electrons are removed by recombination processes. Through
recombination highly excited atoms or molecules are produced
which decay optically. Thus, until the free electrons are
removed by recombination, light will be emitted from the

plasma remaining in the arc region.

DISCHARGE INVESTIGATIONS USING THE UV SOURCE
The ultraviolet source has been installed in our

discharge chamber and has demonstrated its usefulness in

three different modes. One experiment demonstrated that ?;q
using the ultraviolet source as a preionizer allowed the -i:

: IROA
system to operate in a self-sustained discharge mode. !!!

Another experiment illustrated that the ultraviolet source
could be used as a sustainment mechanism in the presence of ﬂﬁf

attaching gases which enabled our system to be operated as an

ultraviolet sustained diffuse discharge switch. It should be
noted here again that a switch which utilizes a spark gap as

a sustainment mechanism may have limitations with respect to

short turn-off times, because the ultraviolet source

continues to emit ultraviolet radiation after the excitation

current pulse has been removed [5].
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The third mode discussed here more in detail is the UV
initiated self-sustained discharge for laser applications.

In this mode a DC voltage below self breakdown is applied to
the discharge gap and the externally initiated discharge acts
as the switch as well as the active medium for the laser.
Several methods have already been used to initiate discharges
such as overvolting with a high voltage trigger pulse [6,7],
or UV or

X-ray photoionization [8,9].

Using the optically controlled diffuse discharge
experiment we have demonstrated externally initiated, matched
discharges in gas mixtures containing different attachers.
Here the experimental setup shown in Figure 1 is directly
connected to a transmission line. This line is dc charged to
a value V5 which is below the self-breakdown voltge, and
above the operation voltage, V4, of the self sustained
discharge. For impedance matched operation the condition Vg,
= 2Vq must be fulfilled.

Figure 8 shows the typical time dependence of current
and voltage for matched operation. The current risetime is
approximately 20 ns. With preionized discharges, triggered
by a laser triggered spark gap, and utilizing the same
experimental setup, risetimes down to approximately 10 ns
were achieved. We therefore conclude that the risetime of
the UV source, caused by the sequential breakdown of the
spark array, imposes a limitation for the lowest possible

risetime of UV initiated discharges using spark arrays.

CONCLUSIONS

Spark arrays can be used as efficient ionization sources
for externally initiated and externally sustained discharges.
Efficient (impedance matched) devices require the operation
of a large number of spark gaps in series (> 100). The turn-
on time of such a device is limited by the sequential
breakdown of the individual gaps to values above

approximately 70 ns. The turn-off time is limited by the

T DO
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decay time of the plasma produced by the sparks. The o
PY designed device was successfully operated as a preionized
self sustained, as an externally sustained, and as an

externally initiated discharge. N

~.
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CAPTIONS

1 Schematic representation of the optically
controlled diffuse discharge switch experiment.

2 Schematic representation of the spark array
ultraviolet radiation source.

3 Streak photography of the ultraviolet source with a
charging voltage of 33kV (in air).

4 Turn-on time (i.e. propogation time of the arc
development) of the ultraviolet source as a
function of charging voltage.

5 Time resolved photographs of the ultraviolet source
(a) prior to complete turn-on and (b) after turn-
on.

6 Relative intensity versus time relationship for the
first spark gap of the ultraviolet source with a
charging voltage of 33 kV,

7 Relative intensity versus time relationship for the
whole UV source with a charging voltage of 33 kV
(visible spectral range).

8 Time dependence of current and voltage for a UV

initiated discharge in a CO2 laser mixture (Ar: Nj:
CO2=125: 26: 1).
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Figure 2
lo

Schematic representation of the spark array
ultraviolet radiation source.
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Streag photography of the ultraviolet source with a
charging voltage of 33kV (in air).
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Figure 4 Turn-on time (i.e. propogation time of the arc
development) of the ultraviolet source as a o
function of charging voltage. o
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Figure 5 Time Resolved Photographs of the Ultraviolet Source a) oS
Prior to Complete Turn-on b) After Turn-on. hORS




a0 258 Al AR L AL AL SN ath b i R g\l p LA Acitided Rl Anlb S A

170

(0]0)

| S LA N L I A}

10

T TrTrTeT

L

INTENSITY

T 1 1T T V01701

RELATIVE

ﬂ g1t ot oraiie 1 I ST 1 p 1 1ot

| 10 |00 000
TIME / (ns)

Figure 6 Relative intensity versus time relationship for the
first spark gap of the ultraviolet source with a
charging voltage of 32 kV.
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THE INFLUENCE OF PHOTODETACHMENT ON THE VI- -
CHARACTERISTICS OF AN EXTERNALLY SUSTAINED DISCHARGE ;
CONTAINING OXYGEN "
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Abstract - Externally sustained discharges can be used e
in opening and closing switch applications for producing }{
bursts of energy in pulsed power systems. Admixtures of -!

attachers with a low attachment rate at low values of
E/N and a high attachment rate at high values of E/N .
will allow a low loss operation in the conduction phase N
as will as rapid opening when the external sustaining -
source is terminated, however, losses will increase in

the closing transition when the external sustaining

source is turned-on. Photodetachment has been proposed ,
as an additional control mechanism to overcome these .I
losses in the closing transition. This paper presents

measurements on photoionization sustained discharges in ;3
argon and nitrogen containing admixtures of 02 under the

influence of laser radiation in the visible where the [ |

PR

L4
.

photodetachment cross section of O~ has a plateau.

-
.

Strong changes of VI-characteristics and of the current
risetime have been observed. The influence of

parameters such as percentage of 03 and Nj, and laser

R

power is presented.

;..




a) Present address:

b) Present address:

c) Present address:

174

Department of Electrical

Engineering,

Polytechnic Institute of New
York,

Farmingdale, NY 11735
Department of Electrical
Engineering,

0l1d Dominion University
Norfolk, VA 23508
Department of Electrical
Engineering

University of Nebraska - Lincoln

Lincoln, NE " 68588-0511

3 ]




-l.' '.;". “‘--."-'.“-'-"w’- ¢ e '.. -.'.‘v. .."u'-<'-. -.'>~ : "-. '~"..‘- '-- .n "-"-‘ . o
AR AT LRILE SF SRR PP S SR I IPR I PSP SEPUUID W O, CSP R G S Yy

175

I. INTRODUCTION

Inductive energy storage is attractive in pulsed
power applications because of its intrinsic high energy
density compared to capacitive storage systems. The key
technological problem in developing inductive energy
storage systems especially for repetitive operation is
the development of a fast opening and closing switch,
Diffuse discharges have advantages for switching because
of their low inductance, small electrode erosion and
heating rates and moderate energy density which offer
the possibility of external control of the opening and
closing process by means of electron beams and/or
lasers. To achieve short opening times in an externally
sustained discharge with electron densities in the range
ne i 1015 cm~3 attachers have to be used. Attachers
with a high attachment rate at high values of E/N and a
low attachment rate at low values of E/N will allow fast
opening when the electron beam is turned off and low
losses in the conduction phase [l, 2]. Such an
attacher, however, increases the closing time and
increases the losses during closure if switch closure
has to be performed in a high impedance system. This
effect has been demonstrated in calculations on
discharges in N2 containing N0 [3] and in experiments
on discharges in Argon containing C3Fg [4]. It has been
proposed that photodetachment can be used to overcome
these losses during closure [3, 5]. The influence of
photodetachment will mainly influence the discharge
characteristics in an intermediate E/N range. At low
values of E/N attachment will not dominate the discharge
if the attacher used has the properties as mentioned
above. At high values of E/N - above self breakdown -
ionization through the discharge electrons will dominate

[6]. For applications as a repetitive closing and

-3-
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opening switch the discharge therefore has to be
A operated at low values of E/N, not influenced by
attachment, in the conduction phase and at intermediate .,
values of E/N, well below self-breakdown and

X subsequently dominated by attachment in the non-
conducting phase and the transitions between these two
phases. The influence of photodetachment can 4
subsequently be demonstrated by measuring the VI-

characteristics and the current risetime under the

LS

. influence of photodetachment.
- II. EXPERIMENTAL SETUP

The experimental setup used for our experiments is
shown in Figure 1 [7]. The major component is the o N
discharge chamber with a TEA-laser electrode
configuration (variable gap distance, d = 3.5-10 mm,
active electrode width, w = 20 mm, electrode length, 1 =
200 mm). The electrodes of this chamber are connected ® "

to a 93 Ohm line which is charged to a voltage below

ot
v Y e

self-breakdown of the discharge gap. A resistor in

[N

series is used to vary the system impedance. A spark
array UV source is located behind a screen in one of the a
main electrodes. The UV source is fired by

f synchronously discharging eight charging cables into

. eight transmission cables which are terminated by the UV
source. This UV source can produce light pulses with 5 .ﬂ
ns risetime and nearly constant emission over several :
100 ns if sufficient long charging cables are used.
When the UV source is fired an externally sustained
discharge will be initiated in the discharge chambers. ®

Current and voltage probes in the main line allow the

evaluation of the time dependence of current, voltage,

and impedance of the discharge. Side on windows at the

ALY Y

discharge chamber allow the illimination of the Q_

,
>

discharge volume with a flashlamp pumped dye laser.
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This laser produces pulses of approximately 1000 ns
length and nearly constant power of 1 MW over the
central 400 ns. With a cavity dumping resonator also
short pulses of 20 ns length and 10 MW power can be
obtained. The time dependent measurements of current
and voltage across the discharge, with and without
laser, allow the evaluation of the influence of
photodetachment on the VI-characteristics and on the

transient behavior of the discharge.
ITII. EXPERIMENTAL RESULTS AND DISCUSSION

The measurements reported here were performed in
mixtures of argon and nitrogen with admixture of oxygen
as the attacher. Attachers producing O~ as the dominant
negative ion have been proposed to be suitable, since 0~
has a relatively high photodetachment cross section for
photons of approximately 2 eV [8] which can be produced
efficiently with flashlamp pumped dye lasers.

The mixture of argon and nitrogen optimizes the
ionization efficiency of the UV source. Nitrogen is
known to increase the UV yield of the spark source [9]
while the admixture of argon allows increased the
penetration depth of the ionizing radiation. The
ionization efficiency was further enhanced by using N,N
dimethylaniline as an additive with low ionization
potential.

The first set of experiments was performed to
evaluate the influence of attachment on the steady state
VI - characteristic of the discharge. For these
experiments the system impedance was kept small compared
to the impedance of the discharge. One set of data was
taken without the laser. For the second set of data
with the laser the UV source was fired when the laser

power had reached its constant value. The gap spacing
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was 3.5 mm and the laser power density was approximately

8x105 W/cm2 over the cross section of the discharge.
Figure 2 shows an example of such a measurement.
The gas mixture used generates a negative differential
conductivity in an intermediate E/N range which is
believed to be the consequence of an attachment
coefficient strongly increasing with E/N. At higher
values of E/N the current increases drastically. In
this E/N range ionization through discharge electrons is

already significant and, therefore, represents the

transition to the self-sustained discharge.

No influence of the laser on the discharge
characteristic is observed in the low E/N range where no
dissociative attachment occurs. This is especially true
for the gas mixture not containing any oxygen. The

influence of the laser starts in the range where the

e

current density is at a minimum, and with the laser this

minimum of the current density is less pronounced. The

strongest changes of the current density at constant
values of E/N are observed in the transition regime to
the self-sustained discharge. Such measurements allow
the evaluation of the laser influence (AJ = Jp(with

# laser) - Jo (without laser)) depending on E/N.

1 Figures 3-6 show the experimental results for

different gas mixtures. In Figures 3 and 4 the O3

concentration is the variable parameter. Higher oxygen
concentrations produce a more pronounced negative
differential conductivity (Fig. 3) and also the
influence of the laser on the current density increases
(Fig. 4). 1In Figures 5 and 6 the admixture of N3 is the
variable parameter. The current density of the
externally sustained discharge increases significantly
with increasing N3 concentration (Fig. S). This effect

is the consequence of the higher UV yield of spark

sources. The strongest negative differential

conductivity is found for an N admixture of 2.6%. This Ri
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mixture also showed the strongest influence of the
laser. This may be due to the fact that the attachment
cross section for dissociative attachment of O3 has its
maximum above the N3 cross sections for vibrational
excitation of N3 and therefore admixtures of nitrogen
will reduce the attachment rate.

Figure 7 shows the influence of the laser power on
the current density. These measurements were performed
at an E/N = 53 Td in 13.2% O3, 2.6% N3, 84.2% Ar at 1

Atm where the laser had its strongest influence.
IV. CONCLUSION

The experiments presented demonstrate that
externally sustained discharges in mixtures of argon and
nitrogen, containing admixtures of oxygen exhibit a
negative differential conductivity in an intermediate
E/N range. This effect is believed to be the
consequence of the attachment coefficient for the
dissociative process ( e+0+07+0), increasing strongly
with E/N in this range.

Photodetachment with a visible laser can be used to
significantly change the discharge characteristic. This
behavior was predicted with calculations on discharges
containing N30 [3]. According to these calculations an
especially significant influence of photodetachment on
the closing characteristics of an externally sustained
discharge in a high impedance system is expected.
Experiments on the transient behavior of the discharge

are presently being performed.
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FIGURE CAPTIONS

Experimental setup for UV sustained,
photodetachment controlled discharge.

VI - characteristics of UV sustained
discharges in 7.9% O3, 2.6% N2, and 89.5% Ar
at 1 Atm without and with laser -
photodetachment.

V1l - characteristics of UV sustained and UV
initiated discharges for several
concentrations of O3 with 2.6% Ny and
balance of Ar to make 1 Atm.

The influence of the laser on the current
density (AJ/J, where AJ=Jp, (with laser) - Jo
(without laser)) versus charging voltage of
the transmission line for various
concentrations of O3 with 2.6% Ny and
balance of Ar to make 1 Atm.

VI - characteristics of UV sustained and UV
initiated discharges for varying
concentrations of N3, with 5.3% O3 and
balance of Ar to make 1 Atm.

The influence of the laser on the current
density (AJ/J, where AJ=Jp (with laser) - Jo
(without laser )) versus charging voltage on
the transmission line for various
concentrations of N3 with 5.3% O3 and balance
of Ar to make 1 Atm.,

Current densities for varying laser
intensities in 13.2% O3, 2.6% N, and 84,2%
Ar at 1 Atm and an E/N = 53 Td.
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Figure 1. Experimental setup for UV sustained,
photodetachment controlled discharge.
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VI - characteristics of UV sustained
discharges in 7.9% O3, 2.6% N3, and 89.5% Ar
at 1 Atm without and with laser -
photodetachment.
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The influence of the laser on the current
density (AJ/J, where AJ=Jp, (with laser) - Jo
(without laser)) versus charging voltage of
the transmission line for various
concentrations of 03 with 2.6% N and
balance of Ar to make 1 Atm.
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Abstract Takle T
Tisting of Surface TamagesAltsration Tfiacts
The surfices »f stiinless steel electrodes used
@ 17 3 high energy, gas-fillad spark gzap have Heen ammCSsEAsmEEZSSSTETIAiSII43SaIaSIIETITIITISTASsaEmsIsseam
analvzed using Auger Ziectron Spectrnscooy (AES) and Effect | Significance
Scanning Electron Micrascoov (SEM). The analysis of H
elecztrnde cross-sections revealed areas of enhanced Matarial Removal Increase {a Breakdown
erssion and arack formation as a result of temperature (Erosion)* Voltagze

cveling of the arc and enhanced chemical attack along

manganese “stringers” which were present in the stain- Micro Cracks (Hexagonal
less steels. The depth of the cracks was considerably “Riverbed” )*

l2ss {1 nitrocen (I0 um) than in air (80 ,m) and
except at the cracks the damage was generally less
rhan 12 «m. The use af low sulphur steels and cutting
the electrodes so that the stringers ran parallel to
the sarface both proved to he effective means of
2liminating crack {ormation, thus reduciang the chance
»f 2lectrode faflure.

Possible Fracturing of
Electrode, Bulk Material
Removal; Subsequent
Fallure to Overate

Matertal Transfer Surface Stability §
Zlectrode to Zlectrode* Erasion Race; A Function
3f Opposite Electrode

!
{
|
|
| . .
Macro Cracks* | Fracturing of Zlectrode
| Suhsequent Failuce o
Intrnduction ! Operare R
The =urfice damage 1nd subsequent electrode Macrn Protrusions Reduction in Areaikdowm .
Reasion rasaltiag from “igh energy arcs has Hean Hf Toltage - .
tigecest “or 1 considerable time as a major factor =
Umitinzg the lifartime of spark 2i1ps used 18 switching Micro ?rotrusions | Altaration nf Braakdown e
camponents i1 a variety >f pulsed power svstams. | Vaoltage Stahility e
Twcent <ork In 2laczromagnetis launchers (“rail guns™)
115 rencwged the [nterest a1 understanding =2lectrode Chemical Compound Altaration of 3rza<down ‘,x'

=»rasfon, espectallv for very high currentcs (> 170 <A).
The “nork repaorted here contalns resulzs on materlal
effacre ilkelv 7y oliv 1 role in electrnde rellability
{1 tre YiJn curTeat regime.

Facmation on Snrface Joltage Stabilizy

None, Sxcept the Sum
Leads ro Vet Material

|

!
“icro Craters ;
|
|

Removil
ardar Ty tharsugnly study the prncesses ind
re<plzing {n ale2ctrade surfice damage, the sLikely to Ye of i{ncreasing tmportance at verv iz v
2 Leestions should Se addressed: currents. O
* What atrfect <as ohsarvred? -

Specifically, the wnrk reporte] “ere 4111 toncen=-
srate acimacilv on sne of these arfe.sas, alnelv,
w‘urflcev cracking ind the rasalting hexagrnal structuc+
{n stainless strel.

* Whaz iy {=porZince tn 3pack 1ap perfocm=
1mce via alectoyde eraslon fHr 2xannle)?

* What s fare) the cause(s)?

Naron
ML

* How 11 it Se sorrected/alterad/designed
v The 2lectrsde srosion 2xnerinent: jescrized below
wore sertfoyrmed ya the “ark 11 2aergy stHrade ang <nark
Tap s24Ctens The Spars Jip Jis syaxiil i desiun and
J1y essentially ti-2 “he one shawa 14 THrare L, Shme
Apdifizations Nave Meea made Ty tilow Corgiarers oHnling
at the electrades i iner 110 Pousiag Ia srder

camgve the Sall heat it hlzn reonsrites and ain

A losslaz ot some Of e surfiace alrerations <hich
Aave ccurrad are ctven in Tavle U aloag with 1 Sriat
sammarc ot thetr sigznifizance.

Cou.omp sriaster.) Tha soarve r7ap was fesigned Sor
fragquent »leczride and {nsalitHe roniicement and 0
aliow tar qgctrate congrtap of fthe 2 lestrals 3ligament
1nd 710 spacing.
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The hemisphericallvy shaped elecerodes are all
1.5 c¢m {a diameter 1ind were attached to 1 stainless
steel (314) alectrode holder. The {nsulator inserts
provide protection for the =ain gap housinz and
studies of the surfaces of these Llnserts have Ziven
i1formatisn about the insulator damage resulting from
the Jdischarze svpraduces (l]. A decailed description
»f the sparik 2ap 1sseablv and dilagnostlc svetems are
tivan alsewnere [2]; however, the jperating parameters
for the yap ire sunmartized in Table [,

Table [T
“ark I Jperating Conditions

13 AR TIN2AT I IS ISESEASIISINNENSSSAAUNS RS

Gap Spacinayg I <975 e

Yalz e L¢ 30 «V

Carrent Fog s «a
Capacitance 3 2L LF

Tharae - Shot 1 Vb Toul

Tnaezv e Shar BT B

Pylse Wldth : 25 .3

Rep=Rata ' S pps

Prassure ! ! atm (ibsolute)

The analvatls >f the electrodes was performed
a8tz severil fecaeqg f aquipmant iaclading 1 PHI
Aydel P39 Auger Flectron Soawccrometar, 31 JEOL JSM=2
Scannt~y Electron Micrascope and in dlvmpus BHM
Yott{cal “lerascenoe.

Resyleq

Pravious oxperiments performed “v the iuthors (3]
Bive svawn that dtilalesy sgeel (3)e) elacrirodes
subiected ty 30,290 shots showed a stznifficant
reductiysn {1 slectrade erogton (1.5 tn )" Lem-/coul)
s the switzling 11s gas changed from o oafr %o
Atrogen. The surfaces oaf rhese electrades, shown tn
Tlrare Ja,h, 0 (adlcate 4 megglar surface vittarn with
rracxd siqflar {n 1ppearance o 1 dried ap river
Yed,

Tigure

() 2 am e

Surfices >t stifaless

hish magat it ion;
nagnificacinn,

stael

()

{n

1304) cathnde:
(a) fn iz, low =aeniflsation; (%) in air,

nitragan,
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The cross sections of these electrodes, shown in
Figure 3a,b reveal cracks with depths of 3pproximately
30 ym for electrodes run in air and 20 ua for elec-
trodes run in nitrogen. At first it was thought that

& 5 G

‘,:";

the cracks were due solely to temperature cvecling {n .“,.
L. the material with the "hexagonal™ pattern resulting

from the biaxial censile forces present during

resolidification of the molten surface. (A simple :-v;

calculation showed that a temperature change of 200°C (.\‘.

could lead to crack formation.) W
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(b) 200 um p——y

Figure 5. Surfaces of stainless steel (304) {n ajir:
(a) cathode~-cut so that stringers ran
parallel to the surface: (bd) anode=—-the
same a3 previous runs.

Figure 6. Comparison of cathode surfaces of two
Ia additian, 1t the suggestion of the steel different stainless steels: (a) 316;
~anuficturer, a second steel was tried (1316) which (b) 304. !
=124t hive lower sulphur content. The results, shown
ia Flzure 5a,Yy, also indicate an ahsence of cracks,
1ltough 19 significant reduction {n bulk =2rasion References .
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HIGH CURRENT SURFACE DISCHARGE SWITCH

P.M. Ranon, H. Krompholz, M. Kristiansen
Department of Electrical Engineering/Computer Science
L.L. Hatfield
Department of Physics and Engineering Physics
Texas Tech University
Lubbock, Texas 79409

Abstract
The erosion of several dielectrics has been inves- current waveforms are damped RLC in nature, with their
tigated in a single channel surface discharge switch amplitudes determined by the charging voltage. The
(SDS). The switch was operated in an oscillating best results of 130 kA peak current and 0.74
circuit In a self break mode (capacitance 1.85 uF, Coulombs/shot charge transfer were obtained across a
charged to 40 kV, peak current 130 kA, charge transfer 3.5 cm gap.

.74 C/shot, frequency 300 kHz). Delrin, Teflon, and
the epoxy-fiberglass laminate G-10 were used as dielec-
tric surfaces with Copper-Tungsten (XK33) electrodes.
Repetition rates on the order of 1/3 pulse per second
(pps), which {ncreased during operation as the surface
a2roded and the breakdown voltage decreased, were used.
Deirin withstood 100 shots before the 1.6 mm thick
sample melted through. Teflon eroded at a lesser
rate. G-10 sawmples quickly shattered or developed a
carbonized track which lowered the breakdown voltage to
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Very little information can be found on {nsulators Al ) mzl
which have been tested to repetitive high level -", 4 |'d -
currents in excess of MA's, but various dielectric aQ ‘R',
materials are considered as insulators in pulsed power { 150
applications due to their availability and cost. G-10, " -4 l‘ﬂ:"‘l‘ e -
for example, has been used in rail guns, primarily due INH )
o its ease of machining ‘and ?echanivcal strength. In &\\\\\\\\\\\\\ \\\\Q\\\&\\\‘i‘\:\‘g
such an applicattion, the G-10 is subjected to MA cur- X "
rent levels at a verv low rep-rate. The present exper- LINE ' N DIELECTRIC
iment uses field enhanced electrodes which confine INSULATOR ELECTRCDES SAMPLE
currents in excess of 100 kA to a highly localized
region on the insulactor surface.
(a) Top View
The purpose of this paper (s to describe the
erosion of Delrin, Teflon, and G~-10 as they were sub-
jected to high current levels. Hold-off wvoltage char—
acteristics of the three dielectric materials were
neasured and are reported. It i{s interesting to note
the drastic difference of [30 kA switching effects on
the dielectrics as compared to previous 5 kA switching
studfes. G-I for example, exhtbited che best charac- DIELECTR
creristies for 5 xA switching (1], but was the poorest SAMPLEI
for 130 kA switching. Despite the Jross erosion pat-
tern left on the 1{its samples, Delrin exhibited far ELECTRODES
superior performance compared to G-10. Finally, Teflon 'i l\
axhibited the bYest overall characteristics of the three :
materials tested. "_.(J N /"~
s stk dd b s dd ndnndd s L, ~ sk

Experimental Arrangement

[ LINE INSULATOR

As shown {n Fig. 1, the dielectric samples were
inserted into a 4 Ohm, | a2 long strip line, The elec-
trodes, wmade of X 33, can be continuouslv adjusted to
accommoagate Zap separitions from O to 30 cm. The strip (b) Side View
line shown 1s lU.3} cm wide ind tne separation (¢ pro-
vided by a Blue Nvlon dtelectric, J0.5 cm wide and
.b5 ca thick. The cnergy storing, 1.85 LF, Scvllac Fig. i Surface Discharge Switch
capacitor, shown in Fig. 2, s intedrated {into :he
strip line and :an store .38 «J of energy when ~harged
to ) xV. The 0JC charged 3DS, operated in alr, {s
1llowed to self break at about 40 kV tnicttallv, and
tliowed t> free run, it about !.} pps, as determinod Hv
the self breax voltagze which Jdecreased 18 he
dielectriz surface eroded awav. 3oth the wvoltige and
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Fig. 2 Experimental Setup
Results
G-i0
1) Hold=-nff voltage, 2) total charge transrerred,

and 3) total energy cransferred are plotted against che
aumder of shots for a typical G-1J sample in Fig. 3.
After the first few preconditioning snots, the hold-off
voltage dropped quite drastically. As shown (in
Fig, 4, two different levels of forced air cooling is
compared 20 no cool.ng with no siznificant improvement.
Fiz. S5 shows the coid recovery after the surface has
been ajlowed to cool, but not long enough for the
surface charge to be discharged (sucfice resistance of
sample times the capacitance >> cooling time). Visual
inspection by the naked eve of the G-!0) samples with 1
severely reduced hold-off voltage (approximately 1/!0
af infzial hold-otf voltage), showed 3izas of a carbon-
1zed track approximately 7.5 mm wide burned hetween the
two 2lectrodes, as shown in Fig. 6.
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Delrin

1) Hold-off voltage, 2) total charge transferred,
and 3) total energy transferred are plotted against the
number of shots for a non air cooled Delrin sample in
Fig. 7. In the case of air cooled samples, there is
quite an ilmpressive iaprovement over the non air cooled
sample, as can be seen in Fig. 8. Cold recovery of
Delrin using the same method as in the G-10 sample,
shows that the material can recover, unlike the G-10
sample. A non air cooled sample 1is plotted to show
the cold recovery of Delrin In Fig. 9. A typical
erosion patrern on Delrin 1is shown {n Fig. 10 and it
can be seen that the erosion pattern 1s racher uniform.
It is interesting to note that Nylon 66 samples were
also tested and showed almost identical patterns over-
all to those of Delrin and thus not reported separately
here.
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Ftz. 7 Non Air Cooled Delrin Hold-Off Voltage Plot

W/0 AIR
---------- WITH AIR
20 ag
+ OF SHOTS
Fig. 8 Effect of Forced Air Cooling on Delrin

# OF SHOTS

Fig. 9 Cold Recovery of Delirin

Fig. 10 Erosion Pattern on Delrin

Tef lon

In Fig. 11, 1) Hold-off voltage, 1) tctal charge
transterred, and 3) total energy ctransferred are
plotted againgt the number of shots for a non air
cooled Teflon sample. As can be seen from the figure,
the hold-off wvoltage remained <consistently high
throughout the run. Forced air cooling on Teflon
samples seemed to have an effect 18 {t did for the
Deirin, but the results did not seem as signiticant
due to the consistently high hold-nff voltage. Due o
this high hold=-nff{ voltage characteri{scics, ({t (s
difficult to “etermine whether the Teflon has actually
recovered £>r the ttest shown in Fig. 3. Figure [«
shows the =2rosion pattern lett on a Teflon sample.
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Fiz. il

Non Air Cooled Teflon Hold-Off Volctage Plot

2.51 W/0 AIR
escscacacece WITH AIR
20 40
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Fiz. 12 gffect of Forced Alr Cooling on Teflon

75
3 OF SHCTS

Fiz. 13 Cold Recoverv of Terlon

Fig. 14 Erosion Pattern on Teflon

Discussion of Results,

Johnson [2], measured no significant reduction of
the hold-off voltage of G-10 and Delrin at relatively
low current levels even after exposing them to severai
thousand shots at current levels of a few thousand
Amperes. It s clearly evideant that the erosion of
dieiectric wmaterials depend very heavily on the
maximum current as 1s especlally evident for G-i0.
Por Delrin, the hold-off voltage depends very heavily
on the surface temperature and not the physical
volumetric erosion. With no prior reports on Teflon
it 1s {mpossible to make any type of contrasting
comparison but Teflon seems very promising as a high
current insulator for these types of applications.

Acknowledgment

This work was supported by the Afr Force Office
of Scientific Research and the Araoy Research Officae.
The authors would like to extend their appreciation to
Stephen Whiteside, “ike Ingram, Marte Bvrd, and Tonm
Morris for their technical support.

References

1. R.D. Curry, Master's Thesis, Texas Tech Univer-
sity, (May, 1984).

2. D. Johnson, Master's Thesis, Texas Tech Cniver-
sity, (1982).




mass

" — - —
M A M MR NC M RN

197 _
Appendix M Submitted to the

Japanese Journal of Applied Phys.
December 1985

Conical Liner Implosion as a

Projectile Injector for Mass Drivers*

Kazunari IKUTA (@) and Magne KRISTIANSEN

Department of Electrical Engineering/
Computer Science
Texas Tech University

Lubbock, Texas 79409

ABSTRACT

An electro-magnetic method for injecting a projectile into a

driver using a conical liner is proposed.

(a)
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Most of ﬁhe serious problems for electro-magnetic accelera-
tors of projectiles, such as rail gunsl) and ablation mass
drivers2:3) occur at the low velocity section of the accelerator,
since most of the electrode erosion occurs in this low velocity
section of the accelerators. Here the low velocity means the
volocity lower than about 1 km s~l. This is because of the fact
that the heat 1load on the surface of the electrode in the 1low
velocity section becomes extremely high since it is approximately
inversely proportional to the projectile velocity.

In order to minimize this problem, the projectile should have
a high injection speed into the accelerator. Using light gas guns
as injectors to give an initial speed to the projectile, however,
induces other complicated problems since these guns also inject
large amounts of gas into the discharge chamber where the afmature
propels the projectile. This can, for instance, cause restrike at
the breech of the gun. The initial projectile speed should,
therefore, be caused by other means than using gas pressure.

Another serious problem is the stiffness of the accelerator.
The operating stress for accelerator rails and insulators must be
low enough to avoid unacceptable mechanical distortions. This
later problem must be solved by the careful choices and the
development of the materials. We do not discuss this problem in
this work.

The purpose of the present letter is to propose a new method
of injecting projectile into electromagnetic accelerators. At the
exit of the injectors, the projectile should have the velocities
of the order of a few km s~1 in order to avoid the electrode

erosion of the main accelerator,
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A potential alternative method for impacting the necessary
injection speed to the projectile is to use an imploding conical
liner which squeezes an insulating working fluid (e.g. o0il) into
the accelerator instead of the gas. The driven fluid can then
give the forward thrust to the projectile. This principle of
conical liner injector is shown in Fig. 1.

The dynamic behavior of the metzlli.- o e 1o as follows.

Once the switch is turned on, the c.rrert 0 4o 1 ra tre conical
surface (conical z-pinch). As 1 -: . -. crer e enfficiently
high, the cone is compressed Yy . - : : s, ac ehswnoin
Fig. 2. The eventual chanmge ¢ C . S zeeT the
fluid into the barrel an?! --. : e ettt the

ablator,is propelled by th-~ €. .

An estimate of the att .- = ; L At T
equation of motion of the corn: . : TR 20 B O I
the ablator, and the projectile 15 . . . N E B TEN A XY

2
2 p I
dz o
M-—=-—gqg, (1)
dt 27

#here M is the total mass including the fluid, the ablator and the
projectile, I is the total current along the conical shell, U, is
the magnetic permeability of vacuum, z is the distance along the
cone, and g is a constant of order unity. Here the mass of the
moving shell is neglected. If the length of the cone is h and the
current 1is supplied by a constant current source, the final

velocity, v,, obtained is
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(2)

If the required speed for the injection is v,*103 m/s, Eq. (2) is

reduced to

Ih . p.25x 1013 (3)

in MKS unit. Specifically when the current, I, is 10® amperes and

the mass, M, is 0.1 kg, the length of the cone becomes

h = 0.25 (meter) (4)

In conclusion, we have suggested a possible method for
injecting the projectile into an electromagnetic mass driver
without using gas pressure. The necessary cone for the accelera-
tion of the projectile is acceptably short, provided that the
driven current along the conical shell 1is of the order of
106 amperes. The gquasi-steady current of order 106 amperes
should be obtained by the method employed in the workl.

In addition it is possible to compress the liner by induced
current azimuthally on the surface of the liner (conical ©-pinch),

although only the case of conical z-pinch compression of the liner
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is discussed 1in this work. In spite of less efficient
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acceleration with a conical ©@-pinch than with a conical z-pinch,
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the non-destructible conical ©6-pinch accelerator is possible. )
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Figure Captions

1 Structure of injector using a metallic conical liner.
2 Change of the shape of the metallic cone when current is

driven along it. Note the formation of the stem.
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DEPARTMENT OF THE AIR FORCE

. AIR FORCE WRIGHT AERONAUTICAL LABORATORIES (AFSC)
WRIGHT-PATTERSON AIR FORCE BASE. OHIO 45431
D REPLY TO ) o
ATTN OF: Fl 5 JUN 1385
SUBJECT: Appreciation
To! Dr Marion O. Ragler

Chairman, Dept of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409

1. The Flight Dynamics Laboratory of the Air Force Wright Aeronautical
Laboratories wishes to express its appreciation to Dr M. Kristiansen, Head
of the Plasma and Switching Laboratory, for his cutstanding contributions
to technical discussions held at Maxwell Laboratories, Inc., San Diego, CA,
on 1 May 1985.

2. These discussions were conducted to solve problems with a pulsed power
KrF laser triggered crowbar switch which is a critical comporent of a full
threat lightning simulation generator. This generator is being built under
contract fer the Air Force's Atmospheric Electricity Hazards Protection
Advanced Development Program (AFUAL/FIEA). These problems had plagued the
contractor for over a month and had delayed the delivery of the generator.
This delay was costing the Air Force money as it further delayed other

Air Force contracted efforts.

3. Dr Kristiansen contributed significantly to the technical discuscions
at Maxwell Laboratories which resulted in a concise detailed plan of
approach to solve the problems with this pulsed power switch. Prior to the
discussions, Dr Kristiansen identified to the Air Force those individuals
in the United States who could contribute rost significantly to these
discussions. He solicited and arranged the participation of Dr A. H.
Guenther, Chief Scientist, Air Force Weapons Laboratory. Unable to attend
the Thursday reetings due to prior commitments, he arrived two days early
and set the stage for all discussions wvhich followed. He determined
concisely the problems, made significant recocmendations and pre-briefed
the other participents. As a result of his efforts, the technical
éiscussions held on Thursdzy were a monumental success. Dr Kristiansen's
superb technical abilities in the area of pulsed power and his extrere
interest in solving this significant U.S. Air Force problerm bring credit
upon himself and Texas Tech Univercsity,

X |

. ]
4. For providing his superb techniczl zbilities, arranging his schedule to poey
participate in the technical discussions and his outstanding contributions ;:H
to the solution of this Air Force problem, the Flight Dynamics Laboratory E‘i
is extremely grateful and wishes to express its appreciation to <N
Dr Kristiansen, Bead of the Texas Tech University Plasma and Switching |!!
Laboratory. ;iq
. %:z?:jth&,L} Q;;
! JEMES J) MATTICE i
Lcting Director
\“// Fligh% Dynanmics Laboratory =
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